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Compared to other vehicle types, motorcycles have distinct advantages such as 
affordability, mobility and accessibility, but they have poorer safety records. The 
motorcyclist fatality and injury rates per registered vehicle respectively are higher than 
those of other motor vehicles by 11 and 6 times. The vulnerability of motorcycles is more 
evident at intersections because the crash involvement of motorcyclists as victims of other 
road users at intersections is 59% compared to 43% nationwide. Even so, studies related to 
crash occurrences of motorcycles are relative few. 
 
The objective of this study is to develop an in-depth understanding of hazards of 
motorcycles at signalized intersections so that targeted countermeasures can be derived to 
improve motorcycle safety. In order to achieve this, innovative statistical models have 
been established to analyze motorcycle crashes with detailed investigations of specific 
maneuver behavior of motorcycles at intersections.  
 
In particular, this study employs an improved Bayesian hierarchical model by explicitly 
considering potential serial correlations to examine the relevant significant characteristics 
of roadway geometry and traffic. Furthermore, by formulating a mixed logit model which 
can incorporate randomness in the parameter estimation, new insights into the 
vulnerability of motorcyclists have been established. These important findings have been 
further validated by an in-depth field investigation on how motorcyclists maneuver at the 
signalized intersections. 
 
Results indicate that motorcyclists are over exposed at signalized intersections and the 
excess exposure is one of main contributors to their vulnerability at intersections. In 
particular, the weaving behavior of motorcyclists between traffic queues has been found to 
increase their probability of colliding with vehicles from conflicting streams and this is 
especially valid in the case of red light running. It has also been found that the presence of 
red light cameras at intersections not only lower motorcycle crashes due to reduced red-
light running in the conflicting stream but also decrease their exposure and hence crashes 
due to a more restrained discharge pattern of motorcycles. 
 
The in-depth understanding derived from this study suggests that to significantly improve 
motorcycle safety, countermeasures should include deployment of red-light cameras, 
improvement in motorcyclist visibility and increased awareness on motorcyclist 
vulnerability. The proposed methodological and systematic research framework also 
demonstrates how in-depth understanding of road user behaviors can be well investigated 
in safety studies.  
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Road traffic crashes are one of the major socio-economic concerns in the world. Every 
year 1.2 million people are killed and as many as 50 million people are injured in road 
traffic crashes (Peden et al., 2004). Many of these deaths and injuries occurred at middle 
and low-income countries and to vulnerable road users including motorcycles. Without 
innovative efforts and effective initiatives, road traffic casualties will continue to escalate 
and globally, will become the third highest cause of death and injuries by 2020. 
 
Road traffic crashes impose a huge economic burden to the society. A scientific estimate 
put the total cost of road traffic crashes in Singapore at about S$610.3 million for the year 
2003 which was about 0.3% of the annual GDP (Chin et al., 2006). Most importantly, 
motorcycle crashes alone contributed to about 40% of these economic losses. Several 
studies (e.g., Bach and Wyman, 1986; Bray et al., 1985) have also reported that 
motorcycles injuries often result in substantially higher medical costs as the likelihood and 
severity of injuries is higher among motorcyclists. Hence a comprehensive understanding 
of the crash-involvements of motorcyclists is highly important. By focusing on the 
prevention of motorcycle crashes, a contribution can perhaps be made to improve the 
overall road traffic safety as well as reduce the economic losses. 
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1.2 Background of the Study 
 
Motorcycles are one of the important transportation modes and represent a significant 
portion of the vehicle fleet in many Asian countries. For example, motorcycles consist of 
more than 90% of vehicle population in Vietnam, about 66% in Taiwan, and about 50% in 
Malaysia (Hsu et al., 2003). In Singapore, motorcycles also represent a substantial portion 
of the vehicle population, accounting for about 19% of motorized vehicle fleet. 
Motorcycle traffic populations are relatively lower among many developed countries; for 
example, they represent about 3% in Australia (Haworth and Mulvihill, 2006), less than 
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Figure 1.1 Proportion of different vehicle types in road traffic crashes 
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Compared to other vehicle types, motorcycles have distinct advantages such as 
affordability, mobility and accessibility, but they have poorer safety records. Based on a 9-
year Singapore crash statistics from 1998 to 2006, motorcycle crashes constitute about 
37% of the total road traffic crashes (Figure 1.1). On average, crash-involvements of 
motorcycles in Singapore are increasing by about 3.9% each year. Taking into account the 
exposure by per registered vehicles, motorcycles have been found to be over-represented 
in road traffic crashes (Figure 1.2). While the crash rate for cars and goods vehicles have 
remained almost constant or even declining in recent years, the corresponding rate for 





























Motorcycles Motor Cars Goods & Other Vehicles
 
 
Figure 1.2 Year trend of crash rates of different vehicle types 
 
In terms of fatalities and injuries of motorcyclists, their corresponding numbers are much 
higher than those of other road user groups (Figure 1.3 and Figure 1.4). While the total 
road traffic deaths in Singapore have been decreased by 3.6% over this time period, the 
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corresponding rate for motorcyclists has increased by about 17.2%. Without this 
substantial increase in motorcyclists’ fatality, the overall fatality in Singapore would have 
experienced a marked reduction of 38.5%. The injury trend of motorcyclists also shows an 
increasing trend with an average increase of injuries of about 4% each year. Over this time 
period, while the fatality and injury rates in per 10,000 registered vehicles are respectively 
0.63 and 52.6 for other motor vehicles, the corresponding rates for motorcycles are 
respectively 6.97 and 324.9, i.e., respectively about 11 and 6 times higher than other 
motor vehicles. Huang et al. (2008) have reported that in Singapore the odds of being 
injured for motorcyclists are 2.63 folds higher than drivers of light vehicles. Similar 
elevated casualty rates for motorcyclists have also been reported in some other developed 
countries like Australia, USA, and Great Britain where the fatality rate of motorcyclists in 
per vehicle mile travelled is respectively about 30, 35 and 25 times higher than car 
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Figure 1.3 Singapore road traffic fatalities of different vehicle types 
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Figure 1.4 Singapore road traffic injuries of different vehicle types 
 
 
Realizing the injury-proneness of motorcyclists, numerous researches have been 
conducted on the injury severity analysis of motorcyclists. A number of researchers (e.g., 
de Lapparent, 2006; Quddus et al., 2002; Savolainen and Mannering, 2007b; Shankar and 
Mannering, 1996) have attempted to quantify the effects of roadway, traffic, 
environmental, human and vehicle factors on motorcyclists’ injury severity while some 
others (e.g., Pai and Saleh, 2007, 2008) have conducted similar studies at intersections. 
The injury severity problem of motorcyclists is also elaborately studied on helmet-related 
issues such as patterns of head injuries and effectiveness of helmets in reducing both 
fatalities and the severity of head injuries (e.g., Branas and Knudson, 2001; Conrad et al., 
1996; Evans and Frick, 1988; Gabella et al., 1995). However, motorcycle safety studies 
related to the likelihood of crash occurrences remained relatively few. 
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The literature suggests that the crash risk of motorcyclists is higher than other road user 
groups due to a variety of reasons. The common reasons include (1) motorcycles are less 
conspicuous and (2) motorcyclists have higher risk-taking tendencies. A number of 
researchers e.g., Williams and Hoffman (1979b) and Hurt et al. (1981) have reported that 
motorcycles in the traffic stream are often overlooked by other drivers for they are less 
conspicuous and hence increase the crash risk. On the other hand, some risk-taking 
behaviors of motorcyclists, like speeding (Lin et al., 2003; Preusser et al., 1995; Wells, 
1986), and alcohol-impaired riding (Kim et al., 2000; Preusser et al., 1995; Turner and 
Georggi, 2001) which often lead them to be involved in crashes. Studies related to the 
crash risk of motorcycles have also been attempted to examine the effects of different 
rider-motorcycle characteristics. Crash risk has been found to have a signification 
association with rider age (Harrison and Christie, 2005; Rutter and Quine, 1996), rider sex 
(Lin et al., 2003; Mannering and Grodsky, 1995), riding experience (Savolainen and 
Mannering, 2007a; Sexton et al., 2004), riding exposure (Lin et al., 2003; Mannering and 
Grodsky, 1995), and engine capacity (Harrison and Christie, 2005). 
 
1.3 Research Opportunities 
 
The opportunities and gaps associated with the motorcycle safety research are presented in 
this section. 
 
1.3.1 Lack of Motorcycle Crash-involvement Studies 
 
Motorcycles and motorcycling have a number of characteristics like narrow width, small 
size, short wheelbase, high power-to-weight ratio, and intuitive steering that make them 
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different from other vehicles and driving. Hence their crash involvement patterns and 
characteristics are also likely to be different from other vehicle types. Unfortunately, most 
of safety studies related to the traffic crash occurrences in recent years have almost 
focused on either automobile crashes or total traffic crashes. Therefore, there may still be 
lack of understanding about the contributing factors in motorcycle-involved crashes. 
 
1.3.2 Neglecting the Vulnerability of Motorcycles at Intersections 
 
A substantial 36% of crashes occur at signalized intersections and 57% of intersection 
crashes involve motorcyclists. Yet while the crash involvement of motorcycles as a victim 
of other road users is about 43% nationwide, the corresponding percentage at intersections 
is higher at about 59%. A number of studies (e.g., Clarke et al., 2007; Hurt et al., 1981) 
have reported that the probability of violating the right-of-way of motorcycles is higher at 
intersections. In a typical right-of-way violation crash of a motorcycle, vehicles from the 
conflicting stream pull out into the path of an approaching motorcycle and hence likely to 
result in a right-angle crash. Singapore crash statistics show that right-angle crashes 
represent about 63% of intersection crashes and 59% of such crashes involved 
motorcyclists. However, different roadway geometry, traffic, environmental, behavioral 
factors that may affect the crash-risk of motorcycles at intersections has not been 
investigated well. 
 
A number of studies regarding traffic crashes at intersections have been concerned mainly 
with all vehicle crashes. These have used frequency models to relate the number of 
crashes to intersection factors to determine the safety effects of such factors. For example, 
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Chin and Quddus (2003) have examined traffic crashes at signalized intersections in 
Singapore; Vogt and Bared (1998) have conducted similar analysis at Minnesota and 
Washington; Poch and Mannering (1996) have examined intersection crashes at Bellevue, 
Washington. However, analyzing all intersection crashes together may not reflect the 
crash occurrence process and their influencing geometric and traffic related factors for a 
specific crash type or a specific road user group. 
 
Realizing the importance of segregate analysis for a specific road user group or crash type, 
a number of researchers have studied the crash occurrence process of a specific crash type 
or a particular road user group. For example, Mitra et al. (2002) have studied intersection 
crashes by maneuver types; Abdel-Aty and Radwan (2000) have examined arterial traffic 
crashes by segregating crashes by driver age and gender; Wang and Abel-Aty (2008) have 
modeled left-turn crashes at signalized intersections by further separating conflicting 
patterns; Wang and Abdel-Aty (2006) have examined only rear end crashes at signalized 
intersections; Miaou (1994) has investigated the relationship between truck crashes and 
geometric design of road sections. However, the occurrence of motorcycle crashes at 
signalized intersections has not been well studied. 
 
1.3.3 Omitting the Issue of Fault 
 
Analyses of crash involvements by distinguishing at-fault and not-at-fault crashes 
generally yield very specific and informative interpretations of causal factors. Analysis of 
crash involvement by considering fault has been undertaken by a number of researchers in 
traffic safety studies. Stamatiadis and Deacon (1995) have examined the effect of age on 
National University of Singapore  8 
Chapter One: Introduction 
the crash propensity by considering at-fault and not-at-fault crashes. Kim and Li (1996) 
have examined causal factors affecting the fault of drivers and bicycle riders in motor-
vehicle and bicycle collisions. Yan et al. (2005) have explored the characteristics of rear-
end crashes at signalized intersections and found different factors to influence at-fault and 
not-at-fault crash involvements. 
 
The issue of who is at fault is perhaps more important in motorcycle-related crashes. 
Several researchers (e.g., Foldvary, 1967; Lehmann, 1962; Waller et al., 1968) have 
pointed out that motorcyclists are more likely to be victims than the guilty party in a crash. 
Savolainen and Mannering (2007b) have reported that the likelihood of fatality is 126% 
higher when a motorcyclist is involved in a crash as the at-fault than the not-at-fault. Kim 
and Boski (2001) have reported that in crashes involving both motorcycle riders and other 
vehicle drivers, the drivers are at fault in 63 percent of the cases. 
 
Without addressing the issue of who is at fault, it is possible that motorcyclists are often 
blamed and corrective actions may be misplaced. This may explain why many rider 
training programs are found to be ineffective in improving the safety of motorcyclists 
(e.g., Jonah et al., 1982; Mortimer, 1988; Saten, 1980). In a recent study of evaluating 
rider training program in Indiana, Savolainen and Mannering (2007a) have reported that 
riders who took the rider training courses are more likely to involve in crashes than those 
who had not taken the courses. The likelihood of crashes has been found to be even higher 
among those who had taken the courses more than once. Therefore, there may be still lack 
of understanding of the causal factors that contribute to motorcycle crashes due 
motorcyclist or other driver negligence. Hence a comprehensive understanding on the 
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fault of drivers and motorcyclists during crashes involving motorcycles may be useful to 
propose more sophisticated countermeasures and awareness programs for improving 
motorcycle safety. 
 
1.3.4 Ignoring the Maneuver Behavior of Motorcycles 
 
Several unique features of motorcycles lead them to exhibit more erratic and chaotic 
trajectories when making progress in the traffic stream. In the conventional traffic flow 
theories and simulation models, the unique behavior of motorcycles was less considered 
than passenger cars. Hence, existing traffic flow theories and simulation models may have 
not described or simulated the traffic flow in a mixed traffic operation as well as assumed. 
In a recent study (Lee, 2007), efforts have been made to model the trajectories of 
motorcycles in the traffic stream. However, the effects of the motorcycles’ maneuver 
behavior on their safety aspects are still not well-understood. Without addressing the 
safety aspects of maneuver behaviors of motorcycles, development of traffic theories and 
safety methodologies may not be complete. 
 
1.3.5 Incompleteness in Statistical Model Development 
 
Since traffic entities can be characterized by their observable traits, it is usual practice in 
traffic safety research to establish statistical relationships between these traits and crash 
occurrences. However, it may be difficult to get a comprehensive understanding of the 
safety of a traffic system as it is very complicated due to the presence of a diversity of risk 
factors including geometric features (e.g., lane width, grade of the road), environmental 
factors (e.g., night-time influence, weather), traffic conditions (e.g., traffic volume, speed 
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limit), regulatory measures (e.g., signal control type, presence of a red light camera), 
driver-vehicle attributes (e.g., driver age, engine capacity), human factors (e.g., 
aggressiveness, risk-taking behaviors). In most of the cases, it is very difficult or 
impossible to include all relevant factors in developing statistical models, and hence the 
heterogeneity bias is very common in the traffic safety research. For example, in modeling 
crash occurrences in traffic entities, some unobserved features may necessarily exist 
between traffic sites and hence crash occurrences for a specific site may often be 
correlated serially. Consequently, without appropriately accounting for the location 
specific effects and potential serial correlations, standard error estimations of regression 
coefficients may be underestimated and inferences from the estimated model may be 
misleading.  
 
Statistical modeling with individual driver/vehicle unit as an observation in the models 
also suffers from heterogeneity mostly due to the influence of unobserved human 
behavioral factors. It is generally ignored in traditional methods of estimating traffic safety 
using road traffic crash dataset. This is perhaps due to the fact that human behavioral 
factors are usually not captured in those dataset due to the complexity of data gathering. 
However, several behavioral-specific details such as driver’s lifestyle events (e.g., Holt, 
1981), aggressive behavior (e.g., Sümer, 2003), stress level (e.g., Beirness, 1993), and 
risk-taking behavior (e.g., Haque et al., 2008) have been found to have a strong 
association with the crash risk. Therefore, those unobserved or ignored human behavioral 
factors may create additional heterogeneity bias in estimating traffic safety by statistical 
models. Hence appropriate methodological considerations are needed which may take into 
account those heterogeneity-related issues and produces reliable estimates. 
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1.3.6 Lack of Comprehensive Studies 
 
Despite the high fatality and injury rates of motorcyclists, there is very limited number of 
in-depth studies and projects on motorcycle safety. There are also very few follow-up 
studies to further explore the safety hazards for motorcyclists. As a result, the true 
circumstances of the safety problems for motorcyclists may still remain veiled. On the 
other hand, among the limited number of comprehensive studies, many of them have only 
conducted characteristics analyses with descriptive statistics of crashes at different 
conditions or univariate analyses focusing on a specific issue such as effectiveness of 
helmets and the effects of alcohol-impairment. Since motorcycle safety may be influenced 
by several factors together, such univariate analyses may create systematic bias and lead 
to improper interpretations of the results. In order to isolate each factors contributing to 
motorcycle safety, a better strategy is needed that involve a multivariate statistical 
approach and applying it to a comprehensive dataset detailing roadway, environmental, 
rider-vehicle, traffic characteristics. 
 
1.4 Objective of the Study 
 
The foregoing shows that motorcycle safety is a great concern for the society. In 
particular, safety problems of motorcyclists are evident at signalized intersections. Despite 
of this safety concern, motorcycle safety has not been comprehensively studied with a 
proper methodological approach. Hence a comprehensive understanding of motorcycle 
safety at signalized intersections is needed to mitigate the problem.   
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The objective of this study is to develop an in-depth understanding of hazards of 
motorcycles at signalized intersections so that targeted countermeasures can be derived to 
improve motorcycle safety. In order to achieve this, the following research tasks have 
been conducted: 
1) Model motorcycle crash occurrences at signalized intersections; 
2) Explore the right-angle crash vulnerability of motorcycles at signalized 
intersections by explicitly considering the fault of crash-involved motorcycles and 
other vehicles; 
3) Examine maneuver behaviors of motorcycles at signalized intersections that may 
increase their exposure; and 
4) Evaluate the effectiveness of red light cameras as a countermeasure to reduce the 
crash-vulnerability of motorcycles at intersections. 
 
1.5 Scope of the Study 
 
Safety aspects and countermeasures for motorcycle safety have been derived by studying a 
sample of signalized intersections in Singapore. Hence the safety issues related to 
motorcycle safety may better represent an urban setting. The established statistical models 
are validated and calibrated using the Singapore traffic crash data maintained by the 
Singapore Traffic Police. In modeling motorcycle crashes at intersections, a total of 371 
signalized intersections are sampled for geometric, traffic and regulatory characteristics 
data collection. It is assumed that those intersections are a representative sample of all 
intersections in Singapore. To observe maneuver behaviors of motorcyclists at 
intersections, traffic flow has been video filmed at six signalized intersections. The 
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assumption is that the maneuver behaviors of motorcycles at an approach of signalized 
intersections are identical for a given geometric and traffic configuration. 
 
This research proposes a full set of Bayesian hierarchical models for modeling motorcycle 
crash occurrences. However, only random intercept models are used to avoid excess 
complexity due to a large set of covariates. The random effects on covariate coefficients 
can easily be incorporated within those hierarchical modeling frameworks. On the other 
hand, to model the right-angle crash vulnerability of motorcyclists with discrete choice 
modeling, this study uses the mixed logit or random parameter logit model in a classical 
maximum likelihood framework. 
 
1.6 Organization of this Thesis 
 
This thesis is organized into eight chapters which explicitly explain the steps taken to 
achieve the objectives of this study. The flow chart of this thesis is presented in Figure 1.5. 
The structure of this thesis is briefly discussed below:  
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Chapter Five: Right-angle Crash Vulnerability
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     Results Interpretation
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     Critically Observed Motorcycle Maneuvers
     Motorcycle Accumulation Behavior
     Discharging Patterns
     Estimation of Observed Exposure
     Effects of Factors on Exposure
Chapter Seven: Effect of Red Light Camera 
(RLC)
     Exposure at Right-angle Crashes
     Effect of RLCs on Maneuver of Motorcycles
     Effect of RLCs on Propensity
     Probability of Right-angle Collisions with 
     and without RLCs
Chapter Eight: Conclusions and Recommendations
     Conclusions and Research Contributions
     Implications of this Study





Figure 1.5 Structure of the thesis 
 
 
Chapter 1 introduces the background of this study, identifies research problems, states the 
objective and the scope of this study, and finally provides the structure of this thesis. 
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Chapter 2 provides a critical literature review on motorcycle safety studies. Starting with 
an overview of motorcycle safety studies, it identifies several safety factors that influence 
the crash risk of motorcyclists and also discusses safety problems of motorcycles at 
intersections. The effectiveness of existing countermeasures to improve motorcycle safety 
is then discussed. Arising from the literature review, numerous problem areas and gaps of 
motorcycle safety research are identified. 
  
Chapter 3 focuses on the methodological framework needed to achieve the aim of the 
study. It includes the development of Bayesian hierarchical models with an innovative 
improvement for explicitly modeling potential serial correlations to examine motorcycle 
crash occurrences at signalized intersections. This is followed by the formulation of a 
mixed logit model which explicitly takes care of unobserved variables especially 
unobserved human factors. The model development for comparing the crash-exposure and 
at-fault crash proneness of different vehicle types has been described subsequently. 
Finally, the field experiment to observe maneuver behaviors and estimate exposure of 
motorcycles is described. 
 
Chapter 4 describes the Bayesian hierarchical model results for motorcycle crashes at 
four-legged and T signalized intersections. Arising from model findings, it shows several 
new aspects of motorcycle crashes at intersections. 
 
Chapter 5 presents the mixed logit analysis of the right-angle crash vulnerability of 
motorcyclists. Due to an innovative choice-set formulation and an appropriate model 
development with the incorporation of the randomness of parameter estimations, it gives a 
National University of Singapore  16 
Chapter One: Introduction 
National University of Singapore  17 
clear understanding and provides new insights into the causes of right-angle crash 
vulnerability of motorcycles at signalized intersections. 
 
Chapter 6 investigates the exposure of motorcycles by critically observing traffic flows 
and maneuvers of motorcycles at signalized intersections. It unveils the over-exposure 
problem of motorcyclists resulting from their weaving behavior in between the traffic 
queue. The pioneering role of this finding in developing and correcting some 
methodologies in estimating safety of different road user groups is highlighted finally.  
 
Chapter 7 illustrates the effectiveness of red light cameras in reducing the vulnerability of 
motorcycles at right-angle crashes at intersections. The crash data are analyzed and the 
influence of red light cameras on maneuver behaviors of motorcycles is investigated. The 
results show several new insights of motorcycle safety and add a new dimension on the 
effectiveness of red light cameras. 
 
Finally, Chapter 8 summarizes the conclusions derived from this research. Arising from 
the findings, it suggests several targeted countermeasures to improve motorcycle safety. 
Finally, some recommendations for future research are included. 
 






Motorcycles are a legitimate and growing road user group in many countries. Relative to 
other vehicle types, motorcycles have distinct advantages such as affordability, mobility, 
and accessibility. Motorcycles have some unique characteristics like two points of contact 
with the road surface, track with a single wheel path, wheel path can be placed anywhere 
in the traffic lane, need to lean into a corner to maintain stability, have a short wheelbase 
and unstable when stationary. Those unique characteristics of motorcycles make 
transportation researchers and planners more challenging to ensure a safe road traffic 
environment for them. 
 
This chapter presents a critical review on studies related to motorcycle safety research. 
Starting with an overview of literature related to motorcycle safety, this chapter describes 
salient features of motorcycles for their crash-involvements, factors influencing the crash 
risk of motorcyclists, the potential problems at intersections and the existing 
countermeasures and its effectiveness for motorcycle safety. This chapter also describes 
some comprehensive studies that had been taken to understand the motorcycle safety 
problem in detail. Arising from literature reviews, several potential problems and gaps in 
motorcycle safety research are identified finally. 
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2.2 Overview of Motorcycle Safety Studies 
 
Due to injury proneness of motorcyclists, a prevail trend of motorcycle safety research has 
been devoted to study the injury severity of motorcyclists from different aspects. While 
some researchers have focused on specific injury related issues such as head injury and 
helmet use, some of them have attempted to relate the injury severity of motorcyclists with 
specific roadway, environmental, traffic, rider-vehicle related factors. On the other hand, 
studies related to the crash-risk of motorcycles are relatively fewer. 
 
2.2.1 Helmet Related Issues 
 
The most studied topic in the motorcycle safety is the effectiveness of helmet use in 
preventing and mitigating head injuries. Head injury is one of the leading causes of death 
in motorcycle crashes. A rider without helmet is 40% more likely to suffer from a fatal 
head injury and 15% more likely to suffer a nonfatal head injury than a rider with a proper 
helmet (NHTSA, 2006). Most of the helmet-related studies, e.g., Branas and Knudson 
(2001); Evans and Frick (1988); Gabella et al. (1995); Petridou et al. (1998); Ouellet and 
Kasantikul (2006) have been reported that helmets are effective in reducing head injury 
and thus fatality of motorcyclists. Studies from medical literature (e.g., Fleming and 
Becker, 1992; Kraus et al., 1994; Muelleman et al., 1992; Sosin et al., 1990) have also 
uniformly recommended mandatory helmet use as a means to prevent motorcycle 
fatalities. Realizing the importance of the helmet use for motorcyclists, mandatory helmet 
use laws have been implemented in many countries like USA, England, Singapore, 
Malaysia, and Australia. Due to tough enforcement of laws on the mandatory helmet use, 
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riders including pillion passengers of Singapore generally use helmets throughout their 
trips. 
 
Critics (e.g., Goldstein, 1986) claim that wearing a helmet may increase the risk of spinal 
injuries, particularly in the neck region. However, several studies (e.g., Max et al., 1998; 
Orsay et al., 1995) have reported that helmet laws reduce the spinal injury of 
motorcyclists. Another interesting ongoing research on the helmet use is to test the 
effectiveness of different available helmets on preventing the head injury. Currently, 
Ouellet (2009) have conducted a laboratory impact testing of helmets and reported about 
the effectiveness of different available helmets in USA. 
 
2.2.2 Injury Severity Analysis 
 
Injury severity analyses of motorcyclists are vastly found in the literature. Quddus et al. 
(2002) have studied the injury severity of motorcyclists resulted from traffic crashes in 
Singapore. They have used ordered probit models to identify significant roadway, rider, 
environmental, and motorcycle characteristics that affect injury severity of motorcyclists 
and the motorcycle damage. They have found that the likelihood of severe injury crashes 
increases with the influence of several factors like riding with a pillion passenger, 
motorcycles having higher engine size, riding on expressways, and riding on early 
morning.  
 
Shankar and Mannering (1996) have conducted similar injury severity analysis using a 
multinomial logit formulation for single-vehicle motorcycle crash severity. Savolainen 
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and Mannering (2007b) have conducted similar injury severity investigations by a nested 
logit model. They have reported that alcohol impairment, older riders, helmet use, several 
roadway characteristics have a significant association with the injury severity of 
motorcyclists. Similar types of analyses with stochastic model formulations (e.g., de 
Lapparent, 2006) have also been found in the motorcycle safety literature. 
 
In a similar vein, motorcyclists’ injury severity analyses using discrete choice models have 
also been conducted for collisions at intersections (e.g., Pai and Saleh, 2007, 2008). 
Results show that approach-turn or head-on collisions at traffic junctions are more likely 
to result in severe injury to the motorcyclists. 
 
2.2.3 Crash Risk Analysis 
 
Studies related to the crash risk of motorcycles have been focused from different aspects. 
Among them, two most prevailed areas of motorcycle safety research are conspicuity 
problems and risky behaviors of motorcyclists like speeding and alcohol-impaired riding. 
Other than that a number of researchers have been attempted to examine the crash risk of 
motorcyclists by studying their crash involvement characteristics. A few studies relating 
the crash risk of motorcyclists to the human behavioral components have also been found 
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2.3 Distinguishing Features of Motorcycle Crashes 
 
Motorcycles, as a mode of transport, offer many environmental and space utilization 
advantages relative to other motor vehicles. However, being a two-wheeled vehicle and 
having a smaller size, the crash-involvement phenomenon of motorcycles is likely to be 
different from other motor vehicles due to various reasons. 
 
First; drivers of other motor-vehicles have a difficulty in seeing motorcyclists particularly 
in heavy traffic and complex visual field conditions. Drivers involved in crashes often 
claim that they did not see the motorcycles and their riders at all before the collisions. 
Mannering and Grodsky (1995) have argued that drivers often neglect motorcycles in the 
traffic stream and often condition themselves to look only for other motor-vehicles as a 
possible collision of danger. The detection failure of motorcycles is likely to be higher in 
the presence of any obstacle either within the vehicle, as part of the landscape, or in the 
passing traffic, that interfered with the driver’s line of sight (Hurt et al., 1981). 
 
Second; motorcycle riding is a skill demanding task. It requires both excellent motor 
riding skills and physical coordination (Rothe and Cooper, 1987). Motorcycling involves 
many counterintuitive tasks like counter-steering, opening throttle while negotiating turns, 
and simultaneous application of front and rear brakes. Any limitations on those may 
increase the crash risk significantly. Moreover, any kind of impairment due to alcohol or 
medication may greatly disrupt motorcycle riding compared to other vehicle driving. 
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Third; motorcycles tend to have much higher power-to-weight ratios than automobiles and 
increasing number of motorcycles are capable of very high speeds and quick accelerations 
(Elliott et al., 2003). This may increase the crash hazards of motorcycles in several 
situations. 
 
Fourth; being a single-track vehicle, a motorcycle can easily become unstable and capsize 
for any inappropriate braking and acceleration (Elliott et al., 2003). This is particularly 
critical during leaning of the motorcycle around a bend and/or in any slippery road surface 
when it causes wheel to lose adhesion. 
 
Fifth; longitudinal ridging and grooving and raised road markings on the road surface can 
produce steering instability for motorcycles. Hence the balance of motorcycles in such 
conditions is more likely to be lost than other vehicle types. 
 
Last; motorcycle riding, being prone to dangers, often attracts risk-taking individuals in all 
age and socio-economic categories (Rothe and Cooper, 1987). If it is true, this group of 
motorcycle riders is more likely to be crash-prone than the general driver/rider population. 
 
2.4 Factors Influencing the Crash Risk of Motorcyclists 
 
The literature suggests a variety of factors may influence the crash risk of motorcycle 
riders. Reduced conspicuity of motorcycles, speeding, and alcohol-impaired riding are 
more frequent reported causes that increase the likelihood of motorcycle crashes. Other 
than that, several rider-vehicle attributes, traffic and environmental factors have also been 
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found to influence the crash involvements of motorcycles. This section includes a brief 
description of those factors. 
 
2.4.1 Conspicuity Problems 
 
Conspicuity of motorcycles can be defined as the degree to which a motorcycle can be 
distinguished from the environmental display, i.e., in the traffic stream and/or in the 
landscape. The crash involvement of motorcycles is mostly affected for their poor 
conspicuity due to having a smaller size (leading to poor sensory conspicuity) and smaller 
frequencies (leading to poor cognitive conspicuity). Due to the smaller size of 
motorcycles, the face-on silhouette area of motorcycle is only 30-40% of a passenger car 
and hence less detectable. Moreover, the smaller size of motorcycles increases the 
likelihood that motorcycles will be obscured in the traffic stream and hence increases their 
probability of crash involvements. Williams (1976) has argued that even in daylight 
conditions it may be possible for a dull colored motorcycle to blend easily into its 
checkered background even when it is very close to other road users. Numerous 
investigations (e.g., Carrao, 1973; Hurt et al., 1981; Thomson, 1980; Williams and 
Hoffmann, 1979b) of motorcycle safety have concluded that the poor conspicuity of 
motorcycles is a critical factor in multi-vehicle crashes involving motorcycles because 




Alcohol-impairment have been to found to increase the crash risk of motorcycles 
significantly (Preusser et al., 1995). In particular, alcohol-impaired riders are more likely 
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to involve in fatal and single-vehicle crashes. Several researchers, e.g., Turner and 
Georggi (2001); Kim et al. (2000) have argued that alcohol-impairment of motorcyclists 
significantly affects their coordination, judgment, and reaction time and hence increase 
their crash risk. Since motorcycle riding requires more physical skills, coordination, and 
balance than does driving a car, impairment of alcohol is more likely to affect the 
motorcyclists. Evidence also shows that motorcyclists who drink alcohol are more likely 
to speed, are less likely to wear helmets, and are more often involved in single vehicle 
crashes than nondrinking motorcyclists (NHTSA, 1998). Several studies (Hurt et al., 1981; 
NHTSA, 2007; Williams and Hoffmann, 1979a) have reported that fatal crash-involved 




Speeding behavior has been reported to be a frequent behavioral trait among 
motorcyclists. Mannering and Grodsky (1995) have reported that over 70% of a sample of 
1,373 U.S. motorcyclists reported driving over 100 mph on public roads, with nearly 40% 
of these riders looking forward to do it again. In addition, 80% reported driving above 
speed limit when not fearing detection, and more than 40% of riders believe that fast 
riding is a better indicator of a good rider than compliance with speed limits and traffic 
laws. Several studies (e.g., Haque et al., 2009; Kostyniuk, 2004; Waller and Carroll, 1980; 
Wells, 1986) have reported that riding too fast is one of the significant catalysts that 
increase the crash risk of motorcycles. In particular, excess speeding of motorcyclists 
often lead them to be involved in crashes as at-fault party (Elliott et al., 2007). Speeding 
related motorcycle crashes are very injury-prone as the probability of fatality (e.g., 
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Preusser et al., 1995; Shankar and Mannering, 1996) and injury (e.g., Kraus et al., 1975; 
Shankar and Mannering, 1996) is likely to be higher. 
 
2.4.4 Rider Attributes 
 
Rider attributes like age, gender, and riding experience have also been found to be 
associated with the crash risk of motorcycles. For example, young riders generally have a 
stronger propensity of risky behaviors and thus more likely to be involved in crashes (e.g., 
Harrison and Christie, 2005; Lin et al., 2003; Mannering and Grodsky, 1995; Reeder et al., 
1997). Rutter and Quine (1996) have identified some specific behaviors of young riders, 
such as willingness to break the laws and to violate the rules of safe riding, which have a 
much greater role for their crash involvements. Moreover, young riders may lack of 
experience and have not exposed in many potential dangerous situations as experienced 
riders and hence may not know how to response properly in case of any dangerous 
situation. Several studies (e.g., Chesham et al., 1993; Sexton et al., 2004; Taylor and 
Lockwood, 1990) have reported that the crash risk of motorcyclists generally decreases 
with the increase of riding experience. The influence of rider gender on the crash risk of 
motorcyclists is not very clear. While some studies (e.g., Lin et al., 2003) have reported 
that male motorcyclists are more likely to be involved in crashes, some other (e.g., Chang 
and Yeh, 2007) have reported that the crash risk is higher for female riders. 
 
2.4.5 Motorcycle Characteristics 
 
Motorcycles with larger engine are larger in size, heavier in weight, and have greater 
power and potential speed and hence more likely to be involved in crashes. However, 
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evidence concerning engine size related motorcycle crashes is mixed. Langley et al. 
(2000) have reported that motorcycles with larger engine size appear to have an increased 
crash risk. Several studies (e.g., de Lapparent, 2006; Lin et al., 2003) have reported that 
the crash risk for light and powered motorcycles is not significantly different. Harrison 
and Christie (2005) have reported that the crash risk of motorcyclists inversely related to 
the engine size. However, it is well established that riders with larger engine size, if 
involve in a crash, are more likely to suffer from fatal and serious injuries (e.g., de 
Lapparent, 2006; Quddus et al., 2002; Yen et al., 2001). 
 
2.4.6 Environmental Factors 
 
Kostyniuk (2004) has reported that motorcycle crashes generally occur on dry roads, in 
good weather, and during the day. Other studies (e.g., Hurt et al., 1981; Preusser et al., 
1995) have also reported that slippery road surface due to adverse weather conditions like 
rain and snow are not a significant factor for most of the motorcycle crashes. However, 
riding on wet pavements often results in lower injury crashes than serious injury. Hence, 
several researchers (e.g., Quddus et al., 2002; Shankar and Mannering, 1996) have argued 
that wet pavements may act as visual deterrents for speeding and hence riders may be 
encouraged to maintain longer headways and lower riding speeds. Other than the wet 
pavement, night time influence has also had an influence on the crash risk of motorcycles. 
de Lapparent (2006) have argued that due to human physiological limits and higher speeds 
at night, motorcyclists are less able to anticipate and react to other motor-vehicles, 
pedestrians, and cyclists that pop up at night. 
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2.4.7 Risky Behaviors 
 
Motorcyclists are likely to exhibit several risky behaviors like squeezing through a narrow 
space between other vehicles, overtaking a blocked car, accelerating rapidly during green 
light period, red light violations, and disobey other traffic regulations. Traffic law 
violations have been reported to increase their crash likelihood significantly (Chang and 
Yeh, 2007; Lin et al., 2003; Rutter and Quine, 1996). A study (Dandona et al., 2006) 
regarding the risky behavior of motorcyclists in India has reported that about 60% of a 
sample 2,920 motorcyclists commit a traffic law violation at least once within the last 
three months. Elliott et al. (2007) have reported that the speed limit violations of 
motorcyclists increase their crash risk. Several studies have reported (e.g., Koh and Wong, 
2007; Washburn and Courage, 2004) that motorcycles are more likely to run the red than 
other types of vehicles in the traffic stream. Oluwadiya et al. (2009) have reported some 
specific risky behaviors of motorcyclists in Nigeria those contribute to their crash 
involvements. These behaviors include riding with more than one pillion, moving against 
the flow of traffic, failing to use headlights when visibility is poor, riding while under the 
influence of alcohol, and riding without licenses. 
 
2.4.8 Human Behavioral Factors 
 
Studies examining the effects of human elements on motorcycle safety are relatively few 
in the literature. Recently, Elliott et al. (2007) have developed a motorcycle rider behavior 
questionnaire consisting of 43 items. Analysis reveals five behavioral components of 
motorcyclists: traffic errors, control errors, speed violations, performance stunts, and use 
of safety equipments. Further analysis results that traffic errors, speed violation, and 
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control errors of human behavior components are significantly associated with the crash 
risk of motorcyclists. Other than that, Haque et al. (2008) have developed a 61-item 
questionnaire survey to examine the effects of impulsive sensation seeking, risk-taking 
and aggressive behavior of human being on the crash risk of motorcyclists. Results show 
that higher risk-taker and aggressive persons are more likely to fall under the high crash 
involvement group. While the impulsive sensation seeking behavior is not related to the 
crash risk directly, this behavior has been found to have a strong association with the risk-
taking and aggressive behavior of motorcyclists. Crundall et al. (2008a) have attempted to 
examine the car driver’s attitude towards the motorcyclists. It has been demonstrated that 
compared to an experienced dual driver group (who both drive cars and ride motorcycles), 
all other drivers have showed more negative attitudes towards motorcyclists, though some 
of the car drivers may not perceive these attitudes to be negative. Hence those negative 
attitudes of car drivers are likely to create more safety problems for motorcyclists. 
 
2.4.9 Pillion Passenger 
 
The presence of a pillion passenger has a significant effect on the crash risk of 
motorcyclists. Harrop and Wilson (1982) have reported that pillion passengers contribute 
to the cause of the crash when they fail to act in unison with the rider and the motorcycle. 
The balancing task may be more difficult when riders ride with a pillion passenger. 
Moreover, pillion passengers may also distract riders and hence increase the crash 
potential. Haque et al. (2009) have reported that riding with a pillion passenger increases 
riders’ likelihood of at-fault crash involvement at expressways. 
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2.5 Problems at Intersections 
 
The crash-involvements of motorcycles at intersections seem to have different 
characteristics. Several studies (e.g., Foldvary, 1967; Hurt et al., 1981) have reported that 
motorcyclists are over-involved in collisions at intersections which mostly due to the 
right-of-way violations, turning or signaling errors on the part of other drivers. In a typical 
right-of-way violation crash involving a motorcycle, the motorcyclist has the superior 
right-of-way just prior to the crash, and some other vehicles fails to grant this right-of-way 
moving into the path of the motorcycle. Some other researchers (e.g., Clarke et al., 2007; 
Hole et al., 1996) have reported that right-of-way violation related motorcycle crashes are 
more likely to happen at T-junctions and with uncontrolled (i.e., no stop light or sign, with 
only give-way or yield markings and/or signs present) traffic movements at junctions in 
urban environments. 
 
Drivers of other vehicles may have difficulties in perceiving motorcycles and/or judging 
the appropriate position and speed of motorcycles approaching towards an intersection. 
Crundall et al. (2008b) have conducted two experiments in order to examine (1) whether 
drivers are less likely to perceive (i.e., look and then process) an approaching motorcycle 
compared to an approaching car, and  (2) whether there is any difference in taking their 
decision to pull out in front of an approaching motorcycle compared to an approaching 
car. Results show that drivers are less likely to perceive a motorcycle than a car if they 
look at the approaching path of vehicles at a glance. However, if drivers look at the 
approaching path for a longer period of time, there is no difference in decision making to 
pull out in front the approaching vehicle. 
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The smaller size of motorcycles may be responsible for the misjudgment of drivers about 
the arrival times and speeds of motorcycles. Horswill et al. (2005) have mentioned several 
reasons for explaining the relationship between arrival misjudgments and perceived size of 
vehicles. These include: 1) the image expansion rate may provide information 
independently of vehicle speed; 2) smaller vehicles appear to be further away; 3) object 
size may influence response times; and 4) perceived negative consequences may have a 
delaying effect on making a response to a large vehicle compared to a small vehicle like 
motorcycle. Typically, the arrival time for large vehicles is more likely to be under-
estimated. Hence, the driver would expect such a vehicle to arrive sooner than it does and 
therefore are less likely to pull out in front of a large vehicle than a small vehicle at the 
same distance. On the contrary, drivers tend to over-estimate the arrival times of 
motorcycles and hence increase the likelihood of a collision (Caird and Hancock, 1994). 
 
Furthermore, the cognitive conspicuity of motorcycles may impose an additional safety 
hazard for motorcyclists at intersections. Cognitive conspicuity can be defined as the 
extent of the visibility to which observer’s experience and intentions affect the salience of 
the approaching vehicle. Cognitive conspicuity of motorcycles specifically contingent 
upon the characteristics of observer and depends on the previous experience and 
momentary intentions of the observer. This type of hazard is likely to be related with the 
different maneuvers and driving behaviors of the observer. Since driving workloads of 
vehicle drivers are likely to increase during turning movements at intersections, it may 
create cognitive conspicuity problems for motorcycles at such locations. Hancock et al. 
(1990) have conducted an experiment over a sample of car drivers to examine their 
behavior during different turning sequences at intersections. The results showed that there 
National University of Singapore  31 
Chapter Two: Literature Review 
were significant increases in head movements and mental workload of drivers during 
turning movements compared to straight driving. The authors have argued that these 
higher driver workloads may increase the potential for detection failures. Hence cognitive 





Motorcycle safety is an important concern for many years. Over the decades, many 
countermeasures have been developed to improve motorcycle safety. While some 
countermeasures have been aimed to lower the injury severity of motorcyclists, some have 
been devoted to reduce motorcycle crash frequencies. According to the literature, 
countermeasures for improving motorcycle safety can be divided into three “E”s, namely: 
Engineering measures, Enforcement measures, and Education measures. These three types 
of countermeasures are discussed briefly in following subsections. 
 
2.6.1 Engineering Measures 
 
In engineering, efforts have been made to understand the motorcycle safety phenomena so 
that proper countermeasures can be developed and prescribed. The effectiveness of 
different safety equipments like helmets, proper riding clothing and daytime headlight 
usage have been studied by numerous studies. For example, a large number of researchers 
(e.g., Byrd and Parenti, 1978; Conrad et al., 1996; Evans and Frick, 1988) have 
investigated the effectiveness of helmet usage and have showed its usefulness to reduce 
the injury severity. In addition to the helmet usage, other protective equipments and 
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clothing for motorcyclists have also been suggested to lower down their injury severity. 
Elliott et al. (2003) have reported that several benefits or protections can be achieved by 
encouraging rider to wear a proper cloth. The benefits are: 1) prevent most laceration and 
abrasion injuries that may occur if a rider slides on the road surface after falling off, 2) 
prevent contamination of open fractures by road dirt, 3) lower down the severity of 
contusions and fractures, with the prevention of some fractures and joint damage, 4) 
reduce or prevent muscle stripping injuries particularly to hands and lower legs, 5) prevent 
crashes by increasing visibility, and 6) keep a rider in good physiological and 
psychological condition by keeping him dry, warm, comfortable and alert. 
 
Since the conspicuity is a serious issue for motorcycle safety, several countermeasures 
have been prescribed to reduce the severity of this problem. The most suggested 
countermeasure is that motorcyclists should keep the headlight of motorcycles ‘ON’ 
during all of their trips including daytime (e.g., Rumar, 1980; Thomson, 1980). Janoff and 
Cassel (1971b) have reported that the daytime usage of headlight of motorcycles helps 
drivers of other vehicles to notice motorcycles sooner and at greater distances. 
Specifically, Rumar (1980) have reported that the usage of low beam headlight by 
motorcycles during daytime increases their detection distance by about 2.2 times at the 30 
degree peripheral vision of car drivers. They have further argued that a motorcycle with 
low beam headlight have same detection distance as a passenger car without headlight. 
Other than the usage of headlight, Williams and Hoffmann (1979b) have summarized 
arguments of several researchers to improve the visibility of motorcyclists in order to 
lower down their crash likelihood. Those include: 1) improve the visibility of the rider, 2) 
increase the frontal area of motorcycles, 3) ensure that riders’ clothing are brightly colored 
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and reflective so that they can be easily recognized in the traffic stream, and 4) increase 
the probability of detection of motorcycles by any means. 
 
In recent years, innovations have also been made to improve the safety features of 
motorcycles such as braking technologies and air-bag systems. Antilock braking systems 
(ABS) are designed to prevent wheel locking during applying brakes and to achieve 
maximum braking effects up to the friction available without the fear of falling to the 
ground. Recent studies (e.g., Moore and Yan, 2009) have reported that ABS is very 
effective in reducing motorcycle collisions. Researches (see Elliott et al., 2003 for details) 
have also showed that inclusion an air-bag system in motorcycles may absorb the rider 
kinetic energy during collisions and thus significantly reduce the potential for injury 
especially in head regions. 
 
While protective equipments, vehicle designs etc. have been proven to be beneficial for 
motorcycle safety, traffic engineering measures may also be an effective solution. 
Segregation of motorcycles from the traffic stream with the provision of exclusive 
motorcycle lanes has been reported to reduce motorcycle crashes significantly. Radin 
Umar (2006) has reported that such segregation in Malaysia has reduced motorcycle 
crashes by 39% and fatalities among motorcyclists by 6 times. Hence, the provision of 
exclusive motorcycle lanes has been suggested as a cost-effective intervention for highly 
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2.6.2 Enforcement Measures 
 
Law enforcement is done for ensuring compliance with laws and regulations intended to 
promote and maintain road safety. To ensure safety for motorcyclists, several 
enforcements have been implemented. Among them the most two important enforcements 
are: 1) Helmet law (i.e., mandatory use of helmets by riders including pillion passengers 
throughout their trip), and 2) Conspicuity law (i.e., compulsory use of daytime motorcycle 
headlights). It is noteworthy to mention that while helmet laws are implemented to reduce 
the fatality and injury of motorcyclists, conspicuity laws are implemented to reduce the 
crash involvement of motorcyclists by increasing their visibility. Numerous studies have 
investigated the effectiveness of those laws. The summary effects of helmet and 
conspicuity laws are presented respectively at Table 2.1 and Table 2.2. 
 
Table 2.1 Findings of studies examining the effect of helmet laws 
 
Source Overview of the study  Findings 
Branas and 
Knudson (2001) 
Fatal crash data of 51 states of USA from 
1994 to 1996 have been analyzed to 
examine the effect of helmet law on 
fatality of motorcyclists. A comparison 
has been made between states with and 
without helmet laws. Both bivariate and 
multivariate analyses have been done. 
 
 States with full helmet laws have 
been found to have a significant 
lower death rate than states without 
helmet laws. 
Ivers (2004) Fatal crash data of Florida from 1994 to 
2001 have been analyzed. A time series 
analysis has been conducted to justify the 
effect of exempting the helmet law for 
adult motorcyclists. 
 
 The fatality of motorcyclists has been 
found to increase by 49% after 




Motorcycle crash data from 1973 to 1979 
of Peninsular Malaysia have been 
analyzed to evaluate the effect of helmet 
law implemented at 1975. Before-after 
comparison and weighted linear 
regression analysis have been used.  
 
 Both the injury and fatal crashes have 
been decreased. A 30% reduction of 
fatality has been reported. 
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Source Overview of the study  Findings 
Conrad et al. 
(1996) 
Motorcyclists are observed during riding 
and interviewed at parking areas to 
examine their compliance with the helmet 
law that implemented in Indonesia. 
Univariate statistical analyses have been 
conducted. 
 Although motorcyclists appear to 
comply with the helmet law, there is 
still lack of proper law 
implementation. Less than 50% of 




Table 2.2 Findings of studies examining the effect of conspicuity laws 
 
Source Overview of the study  Findings 
Yuan (2000) This study evaluates the effectiveness of 
the “ride-bright” legislation implemented 
in Singapore in November 1995. Using 
the Singapore road traffic crash data from 
1992 to 1996, a before-after comparison 
has been made. 
 
 Results show that fatal and serious 
injury motorcycle crashes decreases 
significantly. However slight injury 
crashes do not show any significant 
change.  
Radin et al. (1996) This study examines the effect of 
“daytime running headlight” intervention 
that was implemented in Malaysia in July 
1992. A log linear time serious 
intervention model have used for 
analyzing the crash data from 1991 to 
1993. 
 
 This study reports that the 
conspicuity related motorcycle 
crashes have been reduced by 29%. 
Janoff and Cassel 
(1971a) 
The effects of daytime motorcycle 
headlight laws have been investigated by 
a case control statistical analysis. To do 
this, motorcycle crash records at four 
states of USA with the daytime headlight 
law are compared with four control states. 
 
 Angle and opposite direction 
motorcycle crashes have been 
reported to reduce in a greater 
amount. A significant decrease in day 
time motorcycle crashes have been 
found. 
Thomson (1980) This study investigates whether the 
implementation of daytime headlight law 
for motorcycles in New Zealand will be 
effective. Physiological and 
psychological reasons for conspicuity 
have been reviewed and crash statistics 
are compared.  
 Increasing the frontal visibility of 
motorcycles can reduce several types 
of motorcycle crashes. A policy for 
compulsory usage of daytime 
headlight is suggested as benefit-cost 
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2.6.3 Education Measures 
 
To increase the safety among motorcyclists, several safety programs and rider training 
courses have also been introduced in many countries. Since motorcycling offers 
formidable skill challenges to riders, the basic purpose of those programs is to improve the 
riding skills of motorcyclists so that they can ride safely and protect themselves in case of 
any hazard in roads. Those programs are also attempted to reduce riders’ risky behaviors 
that may create safety problems for them and other road users. 
 
A number of studies have focused to examine the effectiveness of different training and 
safety awareness programs for motorcyclists. The effectiveness of those programs is 
examined through the effect that training had on crash rates, violation rates, and the 
personal protective equipment usage of motorcyclists. Some studies have demonstrated 
that crash and traffic violation rates are lower for trained riders than untrained. However, 
methodological flaws raise questions about the results of many of these studies. In 
contrast, better-designed studies have generally reported disappointing results – they have 
found that formally trained riders are not at lower risk of collisions than untrained riders. 
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Table 2.3 Summary effects of rider training courses 
 





This study evaluates the effectiveness of 
state motorcycle training program in 
Indiana. A comparison has been made 
between 739 trained riders and 588 
untrained riders by using multivariate 
statistical analysis. 
 
  Trained riders are more likely to be 
involved in crashes. 
 Riders who had taken the training 
courses more than once are even more 
likely to be involved in crashes. 





This study examines whether British 
Columbia Council’s 37-hour motorcycle 
safety training program has an impact on 
crashes. Two matched group of riders, i.e., 
trained and untrained, are compared. 
 
  Trained riders tend to have fewer 
and less severe crashes. 
 The association between training 
and reduction of crashes are strongest 
among young riders. 
Jonah et al. 
(1982) 
A sample of 811 trained and 1080 
informally trained riders are compared to 
evaluate the effectiveness of Motorcycle 
Training Program (MTP) in Ontario. Both 
univariate and multivariate analysis have 
been done. 
 
  Fewer reported crashes and 
violations for MTP graduates. 
 However, no effects on crashes have 
been found between trained and 
untrained riders when controlled for 
sex, age, time licensed, distance 
traveled, education, and drinking. 
 
Staten (1980) It evaluates the motorcycle rider training 
course at Northern Illinois counties. A 
comparison has been made between 
formally trained and untrained samples of 
motorcyclists. 
  Higher crash rate have been found 
for trained group. 
 Lower violation rates and higher 
usage of protective equipments have 




This study investigates the effectiveness of 
California Motorcycle Safety Program. 
Analyses have been done by collecting a 
matched-pair sample of 2,351 trained and 
untrained southern California riders. 
 
  Fewer number of crashes for trained 
riders after 6-months of training. 
 No difference in crash rates for 
trained and untrained riders after 1 and 
2 years of training. 
Mortimer 
(1984) 
It evaluates the motorcycle safety 
foundation’s motorcycle rider course. A 213 
sample of trained riders, who had taken the 
course within prior three years, are 
compared with 303 riders who had not taken 
this course. 
  After controlling for age and years 
licensed, those who took the course did 
not have a lower crash rate than the 
control group. 
 No difference in violation rates 
among two groups. 
 Higher usage of protective 
equipments among riders who had 




A more extensive evaluation on motorcycle 
safety foundation’s motorcycle rider course 
has been made. A comparison has been 
made between 913 riders who had taken the 
course in between 1980 to 1983 in Illinois 
and 500 riders who had not taken that 
course.  
  Compared to the control group, 
riders who had taken the course does 
not have lower crash and violation 
rates. 
 More usage of protective clothing 
among riders who had taken the course. 
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2.7 Comprehensive Studies 
 
An in-depth understanding on motorcycle crashes and injuries is needed to determine if 
there are additional feasible countermeasures. To make the rider training programs, traffic 
enforcements, and rider awareness programs more effective, a comprehensive analysis on 
motorcycle safety problems is warranted. In past decades, a number of studies have been 
devoted to study motorcycle safety comprehensively. An overview of some of those 
studies is presented here. 
 
The Hurt report (Hurt et al., 1981) is widely regarded as the benchmark of motorcycle 
safety research. The report has been prepared after on-scene and in-depth investigation of 
900 motorcycle crashes in Los Angeles. Moreover, 3600 traffic police recorded crashes 
over the same study area and time are also investigated and compared with those 900 
crashes. Some key findings of this study are mentioned below: 
 About three-fourths of motorcycle crashes involved collisions with other vehicles, 
which was most usually a passenger car. Among those crashes, the driver of the 
other vehicles violated the motorcycle right-of-way and caused collision in two-
thirds of those crashes. 
 Intersections are the most common place for motorcycle crashes, with other 
vehicles violating motorcycle right-of-way, and often violating traffic controls. 
 The failure of motorists to detect and recognize motorcycles in the traffic stream is 
the predominating factor of motorcycle crashes. The view of motorcycles and 
other vehicles is often limited by glare and obstructed by other vehicles in almost 
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half of multiple vehicle crashes. The usage of headlamps in daylight has been 
found to show an improvement on reducing conspicuity related crashes. 
 About one-fourth of motorcycle crashes are single vehicle crashes in which 
motorcyclists usually collide with roadway and other fixed objects. In such 
crashes, typical errors of motorcyclists are over-braking and running wide on a 
curve due to excess speed or under-cornering. 
 Vehicle failures or roadway defects (e.g., pavement ridges, potholes etc.) related 
motorcycle crashes are few. 
 
In Europe, a similar investigation of motorcycle crashes has been carried out to better 
understand the nature and causes of such crashes (ACEM, 2004). The Association of 
European Motorcycle Manufacturers (ACEM) with the support of the European 
Commission and other partners has conducted this extensive in-depth investigation on 
motorcycle and moped crashes, the Motorcycle Accident In-Depth Study (MAIDS). The 
MAIDS study have conducted during the period of 1999-2000 in five sampling areas – 
located in France, Germany, Italy, Netherlands, and Spain. This study has been aimed to 
achieve three objectives: 1) identify causes and consequences of motorcycle crashes, 2) 
determine risks associated with certain factors (e.g., alcohol), and 3) develop proper 
countermeasures to reduce both motorcycle crash frequencies and severity. 
 
A total of 921 crashes have been investigated in detail and about 2000 variables being 
coded for each crash. The investigation is done by a full reconstruction of the crash 
including human, environment, vehicle, and all causal factors. To achieve comparative 
information on riders that were not involved in crashes, data was further collected for 
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another 923 motorcyclists. Hence this study can be referred as exposure or case-control 
study. Statistical data analysis has identified motorcycle crash risk factors by comparing 
the crash data to the exposure data. Many of the findings from the Hurt study have been 
reaffirmed by MAIDS study. Some important findings are: 
 Motorcycles mostly collide with passengers cars. The second type of motorcycle 
crashes is collision with roadway during single vehicle crashes or during avoidance 
of collisions with other vehicles. 
 Motorcycle crashes are likely to occur in an urban environment than the rural. 
 Human errors are the main causal factors for motorcycle crashes. Failure to see 
motorcycles and drivers’ inattentions are frequent errors prior to collisions with 
motorcycles. 
 After controlling population, alcohol impairment has been found to increase the 
crash risk of motorcyclists. Unlicensed riders have been found to be in a greater 
risk to involve in collisions. 
 
Shankar (2001) has conducted an analysis on single vehicle fatal motorcycle crashes to 
identify possible cause of motorcycle fatalities from such crashes. Using the data from the 
Fatality Analysis Reporting System (FARS) from 1990 to 1999, he has conducted a 
characteristic analysis of different factors by calculating frequencies and percentages. It 
has been reported that more riders over the age of 40 are getting killed, two-third of 
fatalities are associated with speeding, sudden braking and steering maneuvers contribute 
to one-fourth fatalities, alcohol impairment is a major problem for fatal crashes, helmet 
usage among fatally injured motorcyclists are below 50%, and about one-third of fatally 
injured operators are improperly licensed. Rural roads, horizontal curvature of roadways, 
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nighttime condition, and collisions with fixed objects are linked with high number of 
motorcyclist fatalities. 
 
Savolainen (2006) has conducted an evaluation of motorcycle safety in Indiana and aimed 
to develop potential countermeasures to improve motorcycle safety. By using multivariate 
statistical analyses, he has examined the injury severity motorcyclists in both single and 
multi-vehicle crashes. Moreover, by conducting a survey of Indiana motorcyclists, this 
study has also attempted to examine motorcyclists’ propensity for crash involvements, 
riders’ propensity for traveling at high speeds, and riders’ likelihood of wearing helmets. 
The analyses with proper and appropriate statistical models have yielded reliable estimates 
of risk factors associated with motorcycle injury severity as well as other models. Some 
important findings are: 
 High speed riding, alcohol-impaired riding, nighttime riding, older riders, and 
collisions with fixed objects are found to increase the injury severity of 
motorcyclists in single vehicle crashes. 
 At-fault crash involvement, high speed riding, nighttime riding, and right-
angle/head-on collisions are likely to increase the injury severity of motorcyclists 
in multi-vehicle crashes.  
 Younger riders, speeding, alcohol-impaired riding etc. have been reported to be 
positively associated with the propensity of motorcyclist’s for crash involvements. 
 Similarly, a wide range of factors have been found for propensity of speeding and 
likelihood of wearing helmets.  
Arising from the findings of crash severity and motorcyclist survey analysis, several 
potential countermeasures have been prescribed. These include engineering measures like 
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roadway design, protective equipment, and motorcycle design, educational measures like 
educating of the general driving public and inexperienced population of motorcyclists, and 
enforcement measures like drunk riding and speed violation laws. 
 
2.8 Identified Research Gaps 
 
According to the above literature review, motorcycle safety has been attempted to study 
from various perspectives. However, there are several potential problems and gaps in 
motorcycle safety research that need to be carefully addressed in order to achieve a 
comprehensive understanding about the magnitude and severity of the problem. Motivated 
from the literature, the following problem areas and gaps are identified. 
 
First; the literature suggests that motorcycles are particularly vulnerable at intersections as 
they often involve in intersection-crashes as victims of other road users. However, 
different roadway characteristics, geometric factors, traffic characteristics, movement 
patterns, driver/rider attributes, and behavioral factors that may affect the crash risk and 
vulnerability of motorcycles at intersections have not been studied extensively. 
 
Second; motorcycle safety has been elaborately studied on injury severity related issues 
such as fatality, head injury, and helmet use. Studies examining crash risks of 
motorcyclists related to speeding and alcohol-impairment also well present in the 
literature. A number of studies have also examined several unique characteristics of 
motorcycles like less conspicuity, chaotic trajectories, and properties of being less 
perceived and misjudged by other drivers. Despite of having unique characteristics and 
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different movement patterns than other vehicles, motorcycle crash occurrences have not 
been studied well. Explicit modeling on motorcycle crash occurrences is needed to 
carefully examine their crash-involvement process and impacts of different safety issues. 
Moreover, motorcycle movement behaviors need to examine and evaluate systematically 
to identify their impacts on the crash occurrence of motorcycles.   
 
Third; although most engineering and enforcement measures for motorcycle safety have 
been found to be effective, several rider training and education measures have not been 
found to be fruitful. It implies that there may be still lack of understanding of the causal 
factors that contribute to motorcycle crashes. To achieve a proper understanding about the 
crash-involvement of motorcyclists, a better strategy is perhaps the analysis the 
vulnerability of motorcyclists by addressing the issue of fault of involved parties in 
motorcycle crashes. A proper understanding on the vulnerability of motorcyclists would 
be helpful to develop more targeted and useful countermeasures. 
 
Fourth; the literature shows that motorcycle safety research has mostly been conducted 
piece-wise by focusing on some particular issues. However, those studies have not been 
extended to conduct further follow-up research to examine motorcycle safety problems 
thoroughly. To achieve an in-depth understanding of motorcycle crash events and to 
identify proper countermeasures, comprehensive studies with proper follow-up 
investigations are necessary. 
 
Last; many motorcycle safety studies have been conducted by univariate statistical 
analysis or by computing prevalence or descriptive statistics of motorcycle crashes at 
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different factors. Since it is difficult to control multiplicity of variables that may affect 
motorcycle crashes, such analysis may produce systematic bias and result in improper 
interpretation of different factors. To examine and isolate every factors contributing to 





This chapter has presented a review of literatures on motorcycle safety research. General 
research areas of motorcycle safety, distinguishing features of motorcycles and factors 
influencing their crash risk have been discussed accordingly. An extensive description 
about safety problems of motorcycles at intersections has also been presented. The 
effectiveness of different countermeasures developed for motorcycle safety has been 
discussed subsequently. Arising from the literature, several potential problems and gaps in 
motorcycle safety research are identified in this chapter. 
 
As pointed in the previous section, there is still lack of appropriate statistical modeling 
techniques that may address motorcycle safety problems properly and accurately. In 
particular, for isolating every factor contributing to motorcycle crash involvement 
phenomena at signalized intersections, proper multivariate statistical models need to be 
developed. Moreover, to achieve a comprehensive understanding on motorcycle safety, 
further follow-up field investigations may also necessary. Methodological tools including 
statistical models and field experiments employed to achieve the aim of this study will be 
described in the next chapter. 






This chapter presents the methodological framework employed in this study. Three types 
of statistical models and one field experiment have been developed to achieve the aim of 
this study. Three statistical models are crash prediction models for modeling motorcycle 
crash occurrences at signalized intersections, discrete choice models for exploring the 
right-angle crash vulnerability of motorcyclists, and models for comparing exposure and 
crash-proneness of different vehicle types.  
 
To model motorcycle crash occurrences at signalized intersections, crash prediction 
models are developed in the Bayesian hierarchical framework with innovative 
improvements explicitly accounting for spatial effects and temporal serial correlations in 
the data structure. The model assessment and calibration algorithm, goodness-of-fit 
statistics, and estimation techniques for measuring effects of coefficients are also 
discussed briefly. The development and calibration of the mixed logit model, which would 
provide new insights into causes of the right-angle crash vulnerability of motorcyclists by 
explicitly considering heterogeneity-related issues, is presented subsequently. This is 
followed by the development of exposure and propensity model for measuring and 
comparing vulnerability and proneness of at-fault crash involvements of different vehicle 
types. Overcoming assumption-related problems of the quasi-induced technique in case of 
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the mixed traffic operation including motorcycles, new models have been formulated. 
Finally, the field experiment has been described briefly. 
 
3.2 Crash Prediction Models 
 
Starting with a brief description of the crash occurring process and crash modeling 
strategy, this section describes theoretical frameworks of different crash prediction models 
considered for modeling motorcycle crashes at signalized intersections. The Bayesian 
inference which has been used for model calibration and assessment is briefly discussed 
and followed by the description of model selection criteria and variable interpretation 
techniques. 
 
3.2.1 Crash Occurrence Process 
 
Theoretically, a traffic crash is the result of a Bernoulli trial. Every time a vehicle enters 
into an entity (e.g., an intersection, a highway segment etc.) of a given transportation 
network, it will either be a crash or non-crash. Let’s say, p  is the probability of a 
crash,  is the number of trials (i.e., vehicles passing through an intersection, a road 
segment etc.),V  is a random variable that records the number of success (i.e., crash) out 
of trials. The appropriate probability model that accounts for a series of Bernoulli trials 
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National University of Singapore  47 
Chapter Three: Methodology 
where  = 0, 1, 2, 3, ……., N. The mean and variance of this Binomial distribution are 
and
n
= NpVE )( )1()( pNpVVar −= . 
 
For an entity, the probability of a crash occurrence is very low as there are a large number 
of trials (e.g., million of vehicle entering, million of vehicle-miles traveled etc.). Given 
this condition, the Binomial distribution can be approximated as a Poisson distribution. 
Under the Binomial distribution with parameters andN p , let Np /μ= , the large sample 
size will produce a constant number of eventsN μ  for all values of p . As ∞→N , it can 
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whereμ  is the mean of a Poisson distribution. This approximation leads to the use of 
Poisson regression models in estimating crash frequencies. 
 
The Poisson approximation to the Binomial distribution in crash occurrences can further 
be explained by considering the time of the occurrence of an event in a traffic entity. 
Dividing the year into 8760 one-hour periods, the chance that more than one crash will 
occur in any single hour is negligible and the occurrence of crashes is likely to be 
independent for different hours. The hourly number of crashes would then be binomially 
distributed with , where),( pNBinomial h p is the probability of a crash in any given hour 
and  is the number of hours in a year, i.e. 8760 hours. SincehN p is very low, this 
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distribution is extremely close to the Poisson distribution with the Poisson mean 
of . )*( pNh
 
3.2.2 Crash Occurrence Modeling Strategy 
 
A significant number of traffic safety studies has been conducted to investigate the 
appropriateness of various count models that explore the relationship between geometric 
and traffic characteristics and the associated crash risk. The Poisson regression model is 
the basic count model which can describe discrete, random, non-negative and sporadic 
crash data. The assumption of the Poisson regression model is that mean must be equal to 
the variance. However, this latent assumption has been denied in many studies (e.g., Chin 
and Quddus, 2003; Miaou, 1994), in which the variance of crash frequencies is 
significantly greater than the mean. The over-dispersion can be caused by various factors, 
such as omitted variables, uncertainty in exposure and covariates, data clustering, 
unaccounted temporal correlation, model misspecification etc. To overcome this over-
dispersion problem, Negative Binomial (NB) model has been found to be more suitable 
than Poisson model by introducing a stochastic component to relax the mean-variance 
equality constraint (e.g., Lord, 2006; Miaou, 1994; Poch and Mannering, 1996). 
 
However, the NB model is incapable of taking into account some unobserved 
heterogeneities due to spatial and temporal effects in the crash data. It is presupposed that 
distributions of crash occurrences for sites with similar observed characteristics are the 
same and crash counts for a specific location in different time periods are assumed to be 
independent with each other. Indeed, some unobserved features may necessarily exist 
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between traffic sites and hence crash occurrences for a specific site may often be 
correlated serially. Consequently, without appropriately accounting for the location 
specific effects and potential serial correlations, standard error estimations of regression 
coefficients may be underestimated and inferences from the estimated model may be 
misleading. 
 
To overcome this problem, Hierarchical or random effect models have been used in traffic 
safety studies. For example, Chin and Quddus (2003) have applied random effect negative 
binomial model to model the motor vehicle crash frequencies at four-legged signalized 
intersections; Wang and Abdel-Aty (2006) have investigated several possible working 
correlation structures in modeling rear-end crashes at signalized intersections. 
 
In summary, the crash prediction or safety performance model needs to be carefully 
selected and analyzed in a systematic way by taking into account the underlying 
heterogeneities so as to examine more correctly the safety effects on motorcycle crashes at 
signalized intersections. 
 
3.2.3 Model development 
 
Starting with the basic Poisson gamma or Negative Binomial model, several hierarchical 
models like Hierarchical Poisson Gamma, Hierarchical Poisson Lognormal, and 
Hierarchical Poisson Autoregressive lag-1 model have been developed to model 
motorcycle crash frequencies at signalized intersections. The framework and theoretical 
backgrounds of those models are presented here. 
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Let,  is the number of crashes at ith entity and tth time period is Poisson distributed and 
independents over all entities and time periods such as: 
itY
 
)(~| ititit PoissonY μμ      (3.3) 
 
where i = 1, 2,……, I, t = 1, 2,.., T,  and itμ  is the crash mean for ith entity and tth time 
period. 
 
Model 1: Poisson Gamma Model 
The Poisson-Gamma or Negative Binomial model has been formulated to account for the 
over-dispersion in crash data by introducing a stochastic component to the mean of the 
standard Poisson as follows: 
 
)exp( ititit εμ +′= βX       (3.4) 
 
where ),.....,,1( ,1, ′= lititit XXX
),.....,( 0 ′= l
 is a vector of covariates representing the site-specific 
attributes, βββ is a vector of unknown regression parameters, itε  is the model 
error independent of all covariates. In the Poisson-Gamma model, it is assumed that 
)exp( itε  is gamma distributed ( ),(~ φφGamma ) with mean 1 and a variance φ/1  for all i 
and t (with 0>φ ). The inverse dispersion parameter, φ  allows accommodating extra 
variations of the crash data. 
 
National University of Singapore  51 
Chapter Three: Methodology 
However, the Poisson-Gamma model may not be appropriate for time-series cross-section 
panel data as data contain location specific effects and likely to be serially correlated. To 
explicitly model those structured heterogeneities introduced by data collection and 
clustering process, hierarchical or random effect models have been found to be a better 
alternative in several recent traffic safety studies (e.g., Miranda-Moreno et al., 2007; 
Wang and Abdel-Aty, 2006). These models can deal with the over dispersion problem due 
to unobserved heterogeneities as well as allow to incorporate the site-specific effects and 
complex variations, e.g., time and/or space patterns in the data. To introduce the 
hierarchical specification in the Poisson Gamma model the error term ( itε ) of the equation 
3.4 can be replaced by a location specific random effect iα . The gamma distribution 
assumption on )exp( iα  leads to the Hierarchical Poisson Gamma specification as follows: 
 
Model 2: Hierarchical Poisson Gamma Model 
)exp( iitit αμ +′= βX           (3.5) 
)exp( ii αδ =         
),(~ ϕϕδ Gammai        
 
An alternative hierarchical specification may be the Hierarchical Poisson Lognormal 
Model which may be more suitable for modeling crash rates with a heavier-tailed 
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Model 3: Hierarchical Poisson Lognormal Model 
)exp( iitit αμ +′= βX       (3.6) 
),0(~|)log( 22 αα σσδα Normalii =  
 
Hierarchical regression models here assume that the site-specific effects can explain the 
over-dispersion in the crash data. The random effect introduced by the hierarchical models 
establishes that the effect of covariates on crashes at each site is the same but the intercept 
is different across the sites. Hence, the site-specific effect iα  induces a correlation among 
observations obtained at the same site. The underlying assumption is that the observations 
within an entity are exchangeable and hence the correlation is constant between any two 
observations within a site. 
 
However observations in different time periods for a specific site may be serially 
correlated which means that disturbances associated with observations in one time period 
are dependent on disturbances from prior time periods. Serial correlations may exist in the 
crash dataset due to the effect of omitted variables, correlation over time, and a 
consequence of the nature of the phenomenon under study (Washington et al., 2003). In 
the context of the motorcycle crash occurrence modeling of this study, exogenous 
regressors in the longitudinal crash datasets seldom vary. Roadway geometrics and other 
design variables are practically constant with the exception of traffic volumes. Much of 
the dynamics in the longitudinal crash datasets arises from overlapping heterogeneity 
effects captured by the error term a “group of omitted variables” effect. If the omitted 
variables are correlated with the exogenous regressors, parameter bias is highly likely. 
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Hence, treating serial correlations in the motorcycle crash count context would mitigate 
the potential for parameter bias. 
 
Furthermore, ignoring the serial correlation may cause the estimated standard errors to be 
biased and hence may result in misleading inference on parameter estimates. Thus, an 
alternative specification may be the autoregressive lag 1 (AR-1) dependence specification 
in the errors to assess the possible autocorrelation. It weighs the correlation between two 
observations for a site by their separated gap (order of measure). As the periodical 
distance between observations within a site increases, the correlation decreases. The AR-1 
model can be developed by adding a serial variation itω  in the basic Poisson model which 
will allow modeling of lag-1 dependence in the errors (see Congdon, 2003 for detail). The 
specification of this model, with ρ  as an autocorrelation coefficient, is given as follows: 
 
Model 4: Hierarchical Poisson (AR-1) Model 
)exp( ititit ωμ +′= βX       (3.7) 
))1/(,0(~ 221 ρσω ω −Normali  
     , for t > 1 to T ),(~ 21, ωσρωω −tiit Normal
 
The aforementioned models can incorporate various structured heterogeneities in different 
way according to the specific type of crash data structures. Since the choice of one model 
over the other is not always clear, the appropriate model should be selected by 
comprehensive model diagnostics on the subject dataset. In this study, those above safety 
performance models will be employed to study the motorcycle crash occurrences at 
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signalized intersections and the suitable model will be selected from those based on the 
proper model selection criteria. 
 
3.2.4 Bayesian Inference 
 
For calibration and assessment of crash prediction models, the Bayesian Inference (BI) has 
been employed. Bayesian analysis is a process of fitting a probability model to the dataset 
and summarizing the posterior probability distribution on model parameters and on 
unobserved quantities. The choice of BI over the maximum likelihood estimation (MLE) 
for this analysis is justifiable for several reasons. First; instead of producing maximum 
likelihood estimates for unknowns totally based on the sample data, BI explicitly use the 
probability for quantifying uncertainty in inferences based on the statistical data analysis. 
Second; while MLE produces fixed estimation for coefficients of factor effects, BI 
appropriately represents the hierarchical data generating process of crash occurrences by 
taking parameters as unknowns with certain distributions (Gelman et al., 2003). Third; BI 
has a straightforward way of dealing with nuisance parameters that are always 
marginalized out of the joint posterior distribution. Fourth; BI can accumulate evidences 
from any information sources regarding crash predictions. Any engineering experiences or 
justified previous findings can be amounted into the posterior estimate of parameters by 
specifying the informative prior on those unknowns with preliminary information 
(MacNab, 2003). Finally; Bayesian inference allows the flexibility in explicitly modeling 
hierarchical models, as the models considered for motorcycle crash occurrences at 
signalized intersections.  
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Bayesian analysis requires the specification of prior distributions for model parameters. 
Then the likelihood of the data y given model parametersψ , denoted as )|( ψyf , is used 
to modify the prior beliefs )(ψπ , with the updated knowledge summarized in a posterior 
density, )|( yψπ (see Congdon, 2003 for detail). The posterior density of model 
parameters can be written as 
 
)(/)()|()|( yLyfy ψπψψπ =     (3.8) 
 
where is the marginal likelihood of the data and obtained by integrating the likelihood 
over the prior densities 
)(yL
 
∫= ψψπψ dyfyL )()|()(      (3.9) 
 
The ultimate aim of the BI is to obtain the marginal posterior distribution of all unknowns, 
and then integrate over unknowns that are not immediate interest to obtain the desired 
parameters distribution. However, one of the common problems in the Bayesian 
hierarchical models is that the posterior distributions may not tractable algebraically in 
many cases, as the hierarchical models considered in this study. Moreover, posterior 
densities, as shown in equation 3.8, for hierarchical models often lead to nonstandard 
densities. To overcome such analytical limitations, sampling-based estimation methods 
have been used. In such simulation methods, samples are drawn from the joint posterior 
distribution and then values of parameters of interests are observed and other parameter 
values are ignored. Markov Chain Monte-Carlo (MCMC) methods (Gilks et al., 1996) 
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using Gibbs sampler and the Metropolis-Hastings algorithm are widely applied to generate 
a large number of samples from posterior distributions. Any distribution summary (such as 
mean, median or quantiles) of the posterior distributions of model parameters or 
unknowns can then be approximated by their sample analogue. 
 
3.2.5 Model Selection 
 
Some commonly used model selection criteria are Akaike Information Criterion (AIC), 
Bayes Factor (BF), Bayesian Information Criterion (BIC), and Deviance Information 
Criterion (DIC). A model assessment using the AIC, BF or BIC requires the specification 
of the number of parameters in the model. However in complex hierarchical models 
whose parameters may outnumber the observations, these methods cannot be directly 
applied. Furthermore, in case of fixed number of parameters BIC converges 
asymptotically to BF and this assumption is violated in models where the number of 
random effects grows with the number of experimental units (in this study, intersections). 
Therefore for model evaluation a general measure of model fit, the Deviance Information 
Criterion (DIC), proposed by Spiegelhalter et al.(2003) is used. The DIC provides a 
Bayesian measure of model complexity and fit that can be used to compare models of 
arbitrary structure. Specifically, DIC is defined as: 
 
DD PDPDDIC +=+= )(2)( θθ     (3.10) 
 
where )(θD  is the deviance evaluated at the posterior means of estimated unknowns )(θ , 
and )(θD  is the posterior mean deviance that can be taken as a Bayesian measure of fit or 
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“adequacy”.  represents a complexity measure for the effective number of parameters in 
a model, as the difference between 
DP
)(θD and )(θD , i.e., mean deviance minus the 
deviance of the means. As a generalization of AIC, DIC can thus been considered as a 
Bayesian measure of fit or adequacy, penalized by an additional complexity term . As 
with AIC, models with lower DIC values are preferred. 
DP
 
While the DIC is used for the model selection, it is also necessary to justify whether the 
model fit the crash data well. In order to assess the fitness of the motorcycle crash data to 
the proposed models, the Predictive Loss Criteria, PLC (Gelfand and Ghosh, 1998) has 
been used. Let,  be the observed data, itY ψ  be the parameters, )|( yψπ be the posterior 
distribution, and  be the predicted new data sampled fromitZ )|( ψZf  such as 
 
   ∫= ψψπψ dyZfyZf )|()|()|(     (3.11) 
   


















)()]1/([ ξς    (3.12) 
 
where  is the weight factor. A Large value of  puts more weight on the match 
between the predicted and observed data. In this analysis, an infinite value for  is used 
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3.2.6 Parameter Estimates and Effects 
 
To examine the estimates of different factors, Bayesian Credible Interval (BCI) for each 
variable is calculated. Let’s say, η  is the significance level. Then )%1( η−  BCI of a 
parameter is the range of values that has a known high posterior probability, )1( η− , of 
containing that parameter (Bolstad, 2004). Hence BCI is estimated from percentiles of the 
posterior distribution. The  percentile of the posterior distribution is the valuethq qψ , 








ψψπ )|(*100      (3.13) 
 
where ψ  denotes model parameters and )|( yψπ is the posterior distribution. Thus, BCI 
has a direct probability interpretation conditional on the observed sample data. 
 
In order to interpret the effect of explanatory variables included in the model, Incidence 
Rate Ratios (IRR) have been computed. IRR provides an estimate of the impact of an 
explanatory variable on the expected crash frequency for one unit change in that variable. 
For observed crashes  and a given set of explanatory variables , the expected number 
of crashes can be expressed as, 
itY itX
 
)exp()......exp()exp(),|( 110 lllitit xxxYE βββ=X    (3.14) 
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where  is the variable of interest to calculate IRR. If changes by one unit, then lx lx
 
)1*exp()exp()......exp()exp()1,|( 110 llllitit xxxYE ββββ=+X   (3.15) 
 
Therefore, IRR for variable , the factor change in the expected crash count for a change 














    (3.16) 
 
Hence, IRR for a variable is the exponential of its parameter estimate. The interpretation is 
that if IRR of a given variable is much less than 1.0 then an increase in value of the 
variable is associated with a significant reduction of motorcycle crashes (i.e., 
improvement on motorcycle safety). Conversely if IRR of an explanatory variable is much 
greater than 1.0, an increase in value of the variable results a significant decline on 
motorcycle safety. Otherwise, the variable has no effect on motorcycle safety (Chin and 
Quddus, 2003; Olmstead, 2001). 
 
3.3 Discrete Choice Models 
 
Discrete choice modeling techniques have been used to model the right-angle crash 
vulnerability of motorcyclists at signalized intersections. In order to do this, an innovative 
choice set is formulated specifying how an at-fault driver/vehicle collides with a not-at-
fault motorcycle in comparison with other vehicle types. Using discrete choice models, an 
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attempt can be made to explore how variations in roadway characteristics, environmental 
factors, traffic factors, maneuver types, human factors as well as driver demographics 
influence the right-angle crash vulnerability of motorcycles at intersections. The details of 
choice set formulations and description of variables will be explained in Chapter 5. 
 
Starting with a brief description of existing methodological problems of the discrete 
choice modeling, this section develops a mixed logit model to overcome those problems. 
This is followed by the model calibration and assessment algorithm and variable 
interpretation techniques. 
 
3.3.1 Methodological Issues 
 
Heterogeneity is one of the common problems in most statistical models estimating traffic 
safety. This is mostly because it is very difficult to collect all relevant factors affecting the 
dependent variable. In the context of this modeling, a variety of variables relating 
roadway, environmental, traffic, driver attributes etc. have been included to explore the 
right-angle collisions between motorcycles and other vehicles. However, there may be still 
some unobserved variables that may affect such collisions. For example, a variable 
representing whether a driver has a dual licence (privilege to drive cars and ride 
motorcycles) is not present in this study. In fact, there are evidences that dual drivers have 
a lower likelihood of crashes involving motorcycles (Magazzù et al., 2006) and also more 
likely to perform all appropriate visual checks while driving which is very important for 
the safety of motorcycles around them (Crundall et al., 2008a). 
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In addition, human behavioral factors, which can relate more generally to how age and 
gender correlate to risk perception and risk-taking behaviors, are also not captured in the 
dataset. Hence behavioral components may create additional heterogeneity in the model. 
Indeed, several behavioral-specific details such as driver’s lifestyle events (e.g., Holt, 
1981), aggressive behaviors (e.g., Sümer, 2003), stress level (e.g., Beirness, 1993), and 
risk-taking behaviors (e.g., Haque et al., 2008) have been found to have a strong 
association with the crash risk. Hence a methodological consideration is needed which can 
take into account those heterogeneity-related issues. 
 
3.3.2 Model Development 
 
Using the outcomes, an at-fault driver/vehicle collides with (a) not-at-fault motorcycles 
(b) other vehicles in right-angle collisions at signalized intersections, the problem can be 
well formulated with the binary logit model. Let,  be a linear function of covariates 
that determine the likelihood of at-fault driver/vehicle k’s having the right-angle collision 
category j as, 
jkT
 
jkjkjjkT ν+′= Xβ      (3.17) 
 
where is a crash-likelihood function determining the right-angle collision category 
(e.g., at-fault driver/vehicle collides with not-at-fault motorcycles or other vehicles); 
is a vector of explanatory variables (e.g., roadway characteristics, environmental 
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parameters; jkν  is an error term. McFadden (1981) has shown if jkν  follow generalized 














     (3.18) 
 
where is the probability that the crash-involved driver/vehicle k has a particular 
discrete outcome category j from the set of all outcome categories J. It should be noted 
that if the error term, 
)( jPk
jkν  follow normal distribution, the Probit formulation will result. 
Both Logit and Probit formulations are suitable and produce very similar results. For this 
analysis, the Logit formulation has been used. The model in equation (3.18) can be 
estimated by the standard maximum likelihood methods (see Washington et al., 2003, for 
details on this model estimation). 
 
The use of a standard Logit model can be potentially limiting as it cannot take into 
account underlying heterogeneities and cannot explain the randomness of parameters. To 
circumvent this problem, a mixed logit model (also called random parameters logit model) 
is developed. A mixed logit model obviates three limitations of a standard logit model by 
allowing for random taste variation, unrestricted substitution patterns, and correlation in 
unobserved factors over time (Train, 2003). Hence, the mixed logit model does not exhibit 
independence from irrelevant alternatives (IIA) or the restrictive substitution patterns of 
logit. It allows for the possibility that the influence of variables affecting the collision 
between motorcycles and other vehicles may vary across individuals. This is an essential 
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consideration because, due to variations in driver behavior for example, it may be 
unrealistic to assume that the effects of variables such as vehicle type, traffic type, and 
other factors are the same across all individuals. Several recent studies (e.g., Bhat, 2001; 
Bhat and Gossen, 2004; Brownstone and Train, 1999; McFadden and Train, 2000; Revelt 
and Train, 1997) have demonstrated the effectiveness of modeling the random variation of 
model parameters by using the mixed logit model. In recent traffic safety studies, the 
mixed logit model has been successfully applied to model injury severities of highway 
crashes (Milton et al., 2008) and the safety-belt use by vehicle occupants (Gkritza and 
Mannering, 2008). 
 
The randomness of parameter variations across driver/vehicles (i.e., variations inβ ) are 
introduced by incorporating a mixing distribution in equation (3.18) those giving right-
angle collision probabilities (see Train, 2003); 
 















β      (3.20) 
and  is the probability that an at-fault driver/vehicle k has a collision category j, jkP
( )γ|βf  is the density function of β  with γ  referring to a vector of parameters of the 
density function (i.e., mean and variance), and all other terms are as previously defined. 
The parameter estimations can now account for individual-specific variations of the effect 
Chapter Three: Methodology 
of explanatory variables on right-angle collision probabilities. The standard deviation of 
an element of the  parameter vector accommodates the presence of unobservable 
heterogeneity in the sample population (i.e., allows for individuals within the sampled 
population to have different estimate of that element of as opposed to a single 
parameter estimate representing the entire sample population). Mixed logit probabilities 
are integrals of standard logit probabilities over a density of parameters. It is noteworthy 
to mention that some elements of the vector βmay be fixed and some may be randomly 
distributed. For random parameters, as shown in equation (3.19), the mixed logit weights 
are determined by the density function
jβ
jβ
( )γ|βf . 
 
3.3.3 Model Calibration and Assessment 
 
Since the numerical integration of the mixed logit formula over the distribution of the 
random parameters cannot be calculated analytically, an exact maximum likelihood 
estimation of the mixed logit model is not possible (Revelt and Train, 1997; Train, 2003). 
To circumvent this problem, simulation-based maximum likelihood estimations have been 
adopted. In such estimation, the functional form of the random parameters needs to be 
specified before the estimation. For a given value of the density parameters,γ , and the 
observed data, a value of is drawn from its distribution. Using this draw, the logit 
formula of equation (3.20) is calculated. This process is repeated for many draws, and the 












)(1 β       (3.21) 
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where represents draw, m thm M is the total number of draws and jkP  is the average 
simulated probability that an at-fault driver/vehicle collides with a specific type of 
vehicles involved at right-angle collisions. The simulated probabilities are inserted into the 











ln      (3.22) 
 
where  if  choose j and zero otherwise. The maximum simulated likelihood 
estimator is the value of
1=jkd k
γ  that maximizes SLL. Simulation-based maximum likelihood 
methods are typically employed using Halton draws, which have been found to be 
superior to yield much more accurate approximations for numerical integrations than 
purely random draws (e.g., Bhat, 2003; Train, 1999). Typically, 200 halton draws are used 
to estimate model parameters (see Bhat, 2003; Milton et al., 2008). 
 
3.3.4 Model Fitness and Selection Criteria 
 
To evaluate the appropriateness of the mixed logit model over the standard logit model, a 
likelihood ratio test can be conducted. Hence the test will check the effectiveness of 
allowing random parameters in a logit model. The likelihood ratio statistic, 2X can be 
defined as, 
 
)]()([22 MS LLLLX ββ −−=      (3.23) 
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where is the log-likelihood at convergence of the standard logit model, and 
is the log-likelihood at convergence of the mixed logit model. The likelihood 
ratio statistic is assumed to be distributed with degrees of freedom equal to the 
difference of number of estimated parameters in the mixed logit model and the standard 
logit model. Similar likelihood ratio test can also be conducted to check the explanatory 
power of the mixed logit model. In this case, the tern of equation (3.23) will be 




















β−=−      (3.24) 
 
The value of this statistic lies between 0 and 1, and a statistic closer to one suggests 
greater explanatory power of the model. Hensher et al. (2005) have argued that for 
discrete choice models, statistic values between 0.3 and 0.4 can be translated 
as an 
2RPseudo −
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3.3.5 Parameter Selections and Effects 
 
Random parameters of the mixed logit model can be specified by a wide range of 
distributions. In this analysis, considerations are given to the uniform, triangular, normal 
and lognormal distribution. The statistical significance of the randomness of a random 
parameter is checked by the statistical significance of its dispersion parameter (Hensher et 
al., 2005). An insignificant parameter estimate for derived standard deviation indicates 
that the dispersion around the mean is statistically equal to zero and suggesting that all 
information in the distribution is captured within the mean. On the other hand, a 
significant parameter estimate for derived standard deviation of a random parameter 
suggests the existence of heterogeneities in the parameter estimates over the sample 
population around the mean parameter estimate. 
 
In order to identify the subset of explanatory variables which yield the most parsimonious 
model, preliminary multicollinearity tests and backward stepwise method have been 
employed in selecting the covariates. Insignificant variables have been dropped from the 
model one by one based on their significance level. Starting by specifying that all 
parameters are random, the model has been re-estimated by re-specifying the functional 
form of the random parameter one by one for better model fit. Similarly, model has also 
been re-estimated by re-specifying of resulted non-random parameters as fixed one by one 
until random and non-random parameters have fully been identified. 
 
In order to interpret the effect of coefficient estimations, both odds ratios and percentage 
change in predicted probabilities have been calculated. The odds ratio of a parameter is the 
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exponential of the parameter estimate, i.e. )exp(β  which indicates the effect of factor 
change in the odds of an event occurring. For the categorical variables, )exp( ba ββ −  is 
used to represent the odds ratios between two categories, a and for comparison 
purposes. Using the estimated logit formula, the percentage change in the predicted 
probabilities for each category is obtained by computing the effect of a unit change in a 
continuous explanatory variable from its mean or value change from 0 to 1 for a 
categorical variable while holding all other variables at their mean. For variables with 
more than two categories, the percentage change is computed based on a category change 
from 0 to 1 while holding other categories at 0 and all other variables at the mean. In order 
to account for the sampling variance of the random parameters, a simulation-based 
approach has been adopted for calculating the percentage change in predicted probabilities 




3.4 Exposure and Propensity Model 
 
This section describes the model development for measuring and comparing vulnerability 
or exposure and propensity or at-fault crash proneness of different vehicle types. In 
particular, those models would be helpful to compare the crash involvements of 
motorcycles with other vehicle types. Moreover, influences of a particular factor, let’s say 
presence of a red light camera, on the exposure and crash-proneness of different vehicle 
types can also be compared. This section presents the systematic development of exposure 
and at-fault crash-proneness models. These include a brief description of the quasi-
induced exposure technique, problems of quasi-induced assumptions in a road traffic 
environment having a significant portion of motorcycles, and development of suitable 
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models for comparing crash vulnerability and proneness of at-fault crash involvements of 
different road user categories. 
 
3.4.1 Quasi-induced Exposure Technique 
 
The vulnerability of different road user groups can be estimated by measuring their 
exposure. Exposure can be defined as the extent to which road users are exposed to the 
environment resulting crashes. The frequency of crashes is likely to depend on the 
exposure. Several measures of exposure have been found in traffic safety studies, for 
example, vehicle mileage in network study, entry flow or product of conflicting flow for a 
particular traffic location or a traffic site (for a detailed review see Chapman, 1973). 
However, those exogenous estimates of exposure require an extensive data collection 
which is often time consuming and may be difficult to obtain.  
 
To circumvent this problem, the quasi-induced exposure technique (e.g., Carr, 1969; 
DeYoung et al., 1997; Stamatiadis and Deacon, 1997) has been used as an indirect 
measurement of exposure. The strength of this method is that it can make use of the crash 
dataset to estimate the exposure experienced by different road user groups. A number of 
studies (e.g., Hing et al., 2003; Stamatiadis and Deacon, 1995; Yan et al., 2005) have 
applied the quasi-induced exposure technique to analyze traffic crash risks of drivers and 
vehicles under a given set of environmental conditions by controlling for the exposure.  
 
There are two major assumptions in this method: first, drivers and riders involved in 
multi-vehicle crashes can be identified as either at-fault or not-at-fault party; second, at-
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fault drivers and riders in crashes will “choose” their not-at-fault victims randomly from 
all vehicles present. Hence the distribution of not-at-fault drivers and riders will represent 
their exposure to crash hazards (DeYoung et al., 1997; Stamatiadis and Deacon, 1997). 
The relative exposure (RE) of a specific subgroup is the ratio of not-at-fault crash 
involvement of that subgroup to that of the entire population. And the propensity or 
relative crash involvement ratio (RCIR) of a specific road user group is the ratio between 
the proportion of at-fault crash involvements of that subgroup and the relative exposure of 
the same subgroup. 
 
3.4.2 Methodological Problems 
 
Lyles et al. (1991) have highlighted several criticisms of the quasi-induced exposure 
method. Among those, two important criticisms of this method are: (1) the plausibility of 
assigning fault and, (2) the validity of randomness of not-at-fault victims. The assignment 
of fault to a driver/vehicle unit may be questionable if there are contributing human 
factors (e.g., alcohol impairment) to the crash occurrence. To minimize the bias of the 
fault assignment, several researchers (e.g., Jiang and Lyles, 2007; Stamatiadis and 
Deacon, 1997) have advocated using “clean” crash records, i.e., to remove crash records 
involving human citations.  
 
The assumption of the randomness of not-at-fault victims requires that each driver/rider 
has equal chance to be the victim of the at-fault drivers/riders. However not all parties can 
be classified as entirely at-fault or entirely not-at-fault. Furthermore not all driver/vehicle 
are uniformly exposed so that probability of chosen by at-fault parties is equal. For 
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example, motorcycles being smaller sized vehicles are less likely to be detected by vehicle 
drivers and hence their probabilities of being victims may be higher. Moreover, at 
signalized intersections motorcyclists usually weave through the traffic queue during the 
red phase to accumulate beyond the stop-line to facilitate an early discharge (this behavior 
will be elaborately discussed in Chapter 6). The high concentration of motorcyclists 
discharging during the early period of green makes them more exposed to red runners 
from the conflicting stream. In other words, it increases their probability to be victims of 
red light running crashes. Hence the second assumption of the quasi-induced exposure 
technique, i.e., the randomness of not-at-fault victims is not valid here. Therefore, the 
quasi-induced exposure method may not be appropriate to measure the exposure and the 
propensity for different road user groups at right-angle collisions of signalized 
intersections. In fact, this is particularly true for sites where there are high motorcycle 
flows. 
 
3.4.3 Model Development 
 
As shown in the previous section, the assumptions of the quasi-induced exposure 
technique are invalid for mixed traffic operations including motorcycles, particularly at 
signalized intersections. However the concept of quasi-induced exposure technique can 
still be useful to develop models for examining and comparing the crash vulnerability and 
proneness of the crash involvement of different road user groups. This forms the basis of 
our approach. 
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In this analysis, the crash vulnerability and at-fault crash proneness of different road user 
groups refer to their not-at-fault and at-fault crash distributions, respectively. Analogous to 
the “relative exposure” of the quasi-induced exposure technique, the relative crash 
vulnerability has been defined from their likelihood of not-at-fault crash involvements. 
Suppose,  and denote the frequencies of the not-at-fault crash involvement at a 
specific crash type in the category  and the entire population, respectively. Hence the 
relative crash vulnerability (RCV) at that crash type of a specific road user group  is the 









NFRCV =      (3.25) 
 
The key assumption is that the distribution of not-at-fault drivers/riders at a specific crash 
type closely represents the distribution of all drivers/riders exposed to that type of crash 
hazards. Hence, RCV reflects the relative opportunities for crashes of a certain type at a 
given time in a given area, i.e., certain type of crash exposure. 
 
The relative crash proneness (RCP) at a specific crash type of a specific road user group r  






AFRCP =       (3.26) 
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where and  are the frequencies of at-fault crash involvement at a specific type of 
crash for the road user category  and the entire population respectively. It is assumed 
that among at-fault drivers/riders involved in crashes of a specific type, the proportion 
represented by a particular road user group will reflect the proneness of that group in that 




RCV and RCP estimates would be helpful to compare the vulnerability and at-fault crash 
proneness of different road user groups, respectively. The effect of any variable, let’s say 
presence of a red light camera (RLC), can be explored by estimating those estimates for 
Non-RLC and RLC sites. The Chi-square test of independence can be used to test the 
significance of those estimates for various road user categories and their interaction with 
any variable. 
 
3.5 Field Experiment 
 
The field experiment has been conducted to examine the exposure problem of 
motorcyclists in detail. In order to do this, traffic flow at signalized intersections are video 
filmed. Since it is generally difficult to estimate exposures from the field data, several 
measurement techniques have been developed to assess the level of exposures of 
motorcycles. This section describes the measurement methodologies and techniques for 
estimating the exposure of motorcycles at signalized intersections. 
 
In most cases, crashes due to red light running affect the first few vehicles discharging 
from the stop-line of the conflicting approach. Hence the vehicles queuing just behind the 
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stop-line of the approach during the red phase are most vulnerable. The zone behind the 
stop-line can be regarded the affected zone, because the vehicles within this zone are more 
likely to be exposed to red running crashes. Moreover, Huang et al. (2006) have found that 
most red running occur during the first few seconds of red and Bonneson and Zimmerman 
(2004) have indicated that 98% of red runners run the red within the first four seconds of 
red. It is generally difficult to identify the vehicles that are more exposed in red-running 
crashes because the crash potential is affected by the red-running behavior as well as the 
intersection geometry, both of which vary from site to site as shown in a number of studies 
(e.g., Chapman, 1973; Lum and Wong, 2003a). For the purpose of identifying the vehicles 
that are exposed to the red light running crashes, vehicles queuing or accumulating within 
6 meters of the affected zone in the approach and discharging within the first 4 seconds of 
green are sampled.  
 
For measuring accumulation of motorcycles in front of the queue, an imaginary line has 
been drawn beyond 6 meters upstream from the stop-line of an arm. The front wheel of 
any vehicle crosses the imaginary line of 6 meters upstream from the stop-line is assumed 
to be accumulated. The accumulation of motorcycles has been measured as the percentage 
of motorcycles to total vehicles beyond the 6 meters upstream from the stop-line. 
 
The observed exposure of motorcycles has been measured using the phase-change period 
as a measure of opportunity for potential conflicts between opposing traffic. It has been 
assumed that the critical period of conflicts with red light runners from the conflicting 
stream is the first four seconds of green (Bonneson and Zimmerman, 2004; Huang et al., 
2006). Hence the observed exposure of motorcycles can be estimated as the probability of 
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motorcycles found in that initial green period. Therefore for every cycle, the observed 
relative exposure of motorcycles has been estimated as the ratio of motorcycles to the total 




Three types of statistical models are proposed and developed in this chapter, namely crash 
prediction models, the mixed logit model, and exposure and propensity models. While 
crash prediction models will describe the crash occurrence phenomena of motorcycles, the 
mixed logit model will explore the vulnerability of motorcyclists at right-angle crashes at 
intersections. Exposure and propensity models will be used to compare the vulnerability 
and at-fault crash proneness of motorcycles with other vehicle types. Moreover, those 
models will also be helpful to evaluate the effectiveness of countermeasures like presence 
of a red light camera. Model calibration and assessment algorithms, model fitness criteria 
and effects of parameter estimate techniques of those models are described briefly. To 
observe the maneuver behavior of motorcycles at signalized intersections, a field 
experiment has also been developed. Those statistical models and field experiment will be 
used to conduct the in-depth investigations of motorcycle safety at signalized 
intersections. The calibrations and findings of those statistical models and the field 
experiment are presented in Chapters 4 to 7. 
 
 CHAPTER FOUR 
CRASH OCCURRENCE MODELING 
 
 
4.1 Introduction  
 
Signalized intersections represent a substantial portion of motorcycle crashes. Singapore 
crash statistics show that motorcycles are involved in about half of crashes at intersections 
controlled by traffic signals. Moreover, motorcycles account for more than two-thirds of 
fatal and injury crashes at signalized intersections. Indeed, several researchers (e.g., Pai 
and Saleh, 2007) have argued that intersection crashes could be more severe to 
motorcyclists as injurious crashes such as angle collisions commonly take place at 
intersections. Hence it is worthwhile to study intersection crashes of motorcycles to 
identify significant factors affecting the occurrence of such crashes. 
 
Previous studies (e.g., Chin and Quddus, 2003; Vogt and Bared, 1998) on intersection 
crashes by crash frequency modeling have mainly been focused on all vehicle crashes. 
Since crash involvement phenomena of motorcycles are likely to be different from other 
vehicles, analyzing all vehicle crashes together may not explicitly reflect the crash 
occurrence process of motorcycles. Therefore, the geometric and traffic related factors that 
may affect motorcycle crash occurrences cannot be investigated. The analysis of this 
chapter aims to explore intersection-related factors on motorcycle crashes by establishing 
a more robust statistical relationship correlating motorcycle crash frequencies with 
intersection geometries, traffic, and regulatory control characteristics at signalized 
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intersections. Using proposed models in section 3.1, this analysis examines four-legged 
and T signalized intersections separately. 
 
This chapter describes modeling results of the crash prediction models for motorcycle 
crashes at signalized intersections. The data collection and preparation for crash prediction 
models has been described first. This is followed by model estimations, model selection 
and interpretation of significant variables for four-legged and T signalized intersections. 
 
4.2 Dataset for Analysis 
 
This section describes data collection sources and the data preparation process as well as 
introduces variables included for the analysis. 
 
4.2.1 Data Collection 
 
To establish an appropriate statistical model that examines the relationship between 
motorcycle crash frequencies and geometric and traffic characteristics, a total of 270 four-
legged and 101 T signalized intersections from different parts of Singapore have been 
used. These account for about 19% of signalized intersections in Singapore and they are 
chosen because they have relatively high motorcycle activities. Needless to mention that, 
Singapore is a fully urbanized island country. Hence the context of this study is on fully 
urban setting. 
 
In order to conduct the temporal analysis, the necessary data, including intersection 
geometric design features, traffic characteristics, and crash data for same intersections, 
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need to be collected over the study period. However, it is difficult to obtain all this 
information over a long period of time, and therefore data for recent four years (2003 to 
2006) have been used for the analysis. Intersection geometric features, traffic and 
regulatory control characteristics data were provided by a consultancy company in 
Singapore. There is diversity in geometric, traffic and regulatory control characteristics 
among the chosen intersections that lead to a proper approach for modeling motorcycle 
crash occurrences at signalized intersections. 
 
Detailed records of motorcycles crashes at the selected sites were provided by the 
Singapore Traffic Police. A total of 1948 and 400 motorcycle crashes respectively at four-
legged and T signalized intersections were recorded over that time period for those 
selected intersections. The distributions of crash counts for four-legged and T signalized 
intersections are respectively shown at Figure 4.1 and Figure 4.2. On an average each year 
respectively 1.80 and 0.99 motorcycle crashes have been found to occur at selected four-
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4.2.2 Data Preparation 
 
In crash frequency modeling on traffic crashes, data preparation has been conducted in 
several ways, i.e., approach level, roadway level or intersection level. For example, Poch 
and Mannering (1996) have fitted an intersection rear-end crash frequency model at the 
approach level (i.e., four observations per intersection per year); Chin and Quddus (2003) 
have fitted an intersection traffic crash frequency model at the roadway level (i.e., two 
observations per intersection per year); Wang and Abdel-Aty (2006) have fitted crash 
frequencies at the intersection level (i.e., one observation per intersection per year). Wang 
and Abdel-Aty (2007) have investigated right-angle crashes at signalized intersections by 
modeling at the intersection, roadway, and approach levels. 
 
For modeling at roadway or approach levels, crashes are assigned to roadways or 
approaches and then disaggregated crashes are modeled to relate with specific roadway 
and approach characteristics. Assigning a crash to a specific roadway or approach is done 
mainly in two ways: 1) the roadway with the approach whose stop-line is the nearest to the 
point of collision, and 2) the roadway or approach with the at-fault vehicle (for a detailed 
review see Wang and Abdel-Aty, 2007). The first technique is data intensive and such 
data may be difficult to obtain. In the second technique, the issue of assigning fault to a 
driver/vehicle may be an important concern. Since a traffic crash is a complex process, a 
crash may be contributed by all driver/vehicles involved and by the influence of both 
conflicting roadways or approaches characteristics.  
 
National University of Singapore  81 
Chapter Four: Crash Occurrence Modeling 
Analysis at approach and roadway level may better relate traffic crashes to characteristics 
of specific approach and/or roadway. However, such disaggregation of crashes may give 
rise to “site correlation” and cause excess zeros. To avoid excess zeros, Wang and Abdel-
Aty (2007) might have aggregated the crashes over the study period of six years when 
modeling right-angle crashes at roadway and approach levels. However, such aggregation 
may not be able to account the temporal correlation of the crash data. Moreover, it may be 
difficult to assign traffic crashes of a particular vehicle group to any approach or roadway 
of an intersection if the exact crash position is unknown and/or the fault assignment is 
complex. For simplicity as well as avoiding the problem of excess zeros, an intersection 
level crash analysis has been adopted. Hence crash counts are taken at each intersection in 
one-year interval. Based on annual crash counts at 270 four-legged and 101 T signalized 
intersections over a four year period, a total of 1080 and 404 observations respectively 
have been obtained for model input for four-legged and T signalized intersections. 
 
4.2.3 Explanatory variables 
 
The roadway variables includes: (1) number of lanes, (2) presence of one way road, (3) 
presence of uncontrolled left-turn lane, (4) presence of exclusive right-turn lane, (5) 
presence of wide median, (6) presence of pedestrian crossing, (7) presence of red light 
camera, (8) speed limit, and (9) traffic volume. Those explanatory variables which 
represent the presence or absence of a geometric or traffic feature have been coded as 
dummy variables. It is worth mentioning that most intersection related variables are first 
inputted at the approach level. Since the intersection level analysis has been adopted, those 
approach level variables are aggregated into the roadway level (major and minor 
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roadway). The roadways are defined as major and minor based on traffic volume. 
Explanatory variables of major and minor roadways for four-legged and T signalized 
intersections are shown in Table 4.1. 
 
Table 4.1 Descriptive statistics of variables included in models for four-legged and T 
signalized intersections 
 
Four-legged Intersection T Intersection Variables 
Mean SD Min Max Mean SD Min Max 
Number of motorcycle crashes per 
year for intersection 1.804 1.690 0 10 0.990 1.270 0 7 
Major Roadway         
Traffic Volume ADT in Thousand 18.431 4.285 5.70 37.52 15.489 4.599 4.80 30.27 
Presence of One Way Road 0.104 0.305 0 1 0.099 0.299 0 1 
Number of Lanes 4.222 0.800 2 6 3.624 0.688 2 5 
Presence of Uncontrolled Left-
turn Lane 0.722 0.448 0 1 0.554 0.498 0 1 
Presence of Wide Median (>2m) 0.922 0.268 0 1 0.970 0.170 0 1 
Presence of Exclusive Right-turn 
Lane1 0.930 0.256 0 1 0.881 0.324 0 1 
Presence of Pedestrian Crossing 0.441 0.497 0 1 0.347 0.476 0 1 
Presence of Red Light Camera 0.348 0.477 0 1 0.653 0.476 0 1 
Speed Limit >= 50 Km/h 0.978 0.147 0 1 0.970 0.170 0 1 
Minor Roadway         
Traffic Volume ADT in Thousand 14.509 4.549 2.85 31.27 10.447 3.438 2.55 25.01 
Presence of One Way Road 0.119 0.323 0 1 0.079 0.270 0 1 
Number of Lanes 3.330 0.865 1 5 2.168 0.599 1 4 
Presence of Uncontrolled Left-
turn Lane 0.770 0.421 0 1 0.574 0.495 0 1 
Presence of Wide Median (>2m) 0.870 0.336 0 1 0.624 0.485 0 1 
Presence of Exclusive Right-turn 
Lane 0.885 0.319 0 1 0.822 0.383 0 1 
Presence of Pedestrian Crossing 0.422 0.494 0 1 0.366 0.482 0 1 
Presence of Red Light Camera 0.163 0.370 0 1 0.119 0.324 0 1 
Speed Limit >= 50 Km/h 0.938 0.167 0 1 0.911 0.285 0 1 
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4.3 Model Estimation 
 
The safety performance models, as proposed in section 3.1.3, are calibrated by the 
freeware software package WinBUGS 1.4 (Spiegelhalter et al., 2003) using the Markov 
Chain Monte Carlo (MCMC) algorithm (Gilks et al., 1996). The priors for regression 
coefficients  are assumed to have non-informative distributions such as Normal 
distribution (0, 1000). The hyper-parameters of the disturbance term of each of the models 
are also assigned a vague or non-informative prior. An inverse gamma distribution (0.001, 
0.001) are assumed for
β
φ/1 , ϕ/1 , , and  in the Poisson Gamma, Hierarchical 
Poisson Gamma, Hierarchical Poisson Lognormal, and Hierarchical Poisson (AR-1) 
model, respectively. All of the eight models, four models for each type of intersection, 




Convergence of models means that the posterior distributions from Gibbs sampling have 
eventually reached stationary statuses and hence these posterior distributions approximate 
the desired probability distributions. As suggested by Spiegelhalter et al. (2003), the 
convergence diagnosis have been carried out by four measures: (1) Gelman-Rubin plots, 
(2) autocorrelation plots, (3) trace plots, and (4) kernel density plots. As an illustration, 
convergence diagnoses of a sample of parameters by Hierarchical Poisson (AR-1) model 
for four-legged signalized intersections are shown in Figure 4.3. Gelman-Rubin plots 
consist of three lines, one red, one green and one blue. These plots ensure model 
convergence as red line is close to 1 and the other two lines are stable (for details see 
Brooks and Gelman, 1998). Autocorrelation means sequential draws of a parameter from 
the conditional distribution are correlated. The plots of autocorrelation indicate that all 
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parameters are mixing well with autocorrelation vanishing before 30 lags in each case and 
hence show a sign of good convergence. The trace plots also show that all three chains of 
every parameter overlap one another with a good degree of mixing and hence ensure the 
convergence. Finally, kernel density curves look reasonable and smooth which further 
indicates the model convergence.  
 
The model convergence has been obtained after about 3000 iteration. After ensuring 
convergence, 5000 samples from each chain have been discarded as adaption and burn-in 
iterations. From rest samples, one in every tenth samples have been retained to reduce 
autocorrelation. This forms a total of 3000 samples for each of the parameter estimate. 
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(a): intercept parameter, (b): Presence of Red Light Camera, (c): Speed Limit 
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4.4 Model Evaluation and Estimates 
 
Statistics of both model selection criteria, i.e., Deviance Information Criteria (DIC) and 
Predictive Loss Criteria (PLC) (see equation 3.10 and 3.12), for all models are presented 
in Table 4.2. In all cases, the hierarchical models are found to be better than the standard 
Poisson Gamma model. This is expected as hierarchical structures exist extensively in the 
traffic crash data because of the data collection and clustering process. Among 
hierarchical models, the hierarchical Poisson Gamma and the hierarchical Poisson 
Lognormal are found to be competitive. For four-legged signalized intersections the 
Hierarchical Poisson (AR-1) model is found to be superior to other models based on both 
DIC with 3614.2 and PLC with 3912.3. For T intersections, though the Hierarchical 
Poisson (AR-1) model produces a slightly lower DIC (=928.2), the DIC values for all 
three hierarchical models have been found to be very similar (945.5 or 943.7). However, 
the Hierarchical Poisson (AR-1) model also shows an improved fit than other hierarchical 
models based on PLC (746.5 vs. 783.3 or 773.9). Hence, for both type of the intersections 
the Hierarchical Poisson (AR-1) model is found to be better than others. Moreover, the 
autocorrelation coefficient ρ , as shown in Table 4.3 and Table 4.4, is 0.567 and 0.916 for 
four-legged and T intersections respectively and both of them are also found to be 
significant. This further confirms that there exists a strong structured temporal serial 
correlation effect in motorcycle crashes at signalized intersections and further justifies the 
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Table 4.2 Model comparison criteria 
 









Four-legged 3711.21 3653.04 3654.07 3614.18 DIC 
T 992.94 945.51 943.67 928.18 
Four-legged 4401.98 4322.46 4303.74 3912.27 PLC 
T 822.95 783.29 773.92 746.50 
 
 
Parameter estimates for motorcycle crashes by all candidate models for four-legged and T 
signalized intersections are presented in Table 4.3 and Table 4.4, respectively. To obtain 
the most parsimonious model, preliminary multicollinearity tests and backward stepwise 
method have been employed in selecting covariates. Insignificant variables have been 
dropped from the model one by one based on their significance level. The 95% Bayesian 
Credible Interval (BCI), as shown in equation 3.13, have been used to interpret the 
significance of variables. Specifically, those coefficient estimations are significant whose 
95% BCI do not cover zero. Furthermore, to interpret the effect of variables on the 
motorcycle safety, the Incidence Rate Ratio (IRR) as expressed in equation 3.16 has also 
been calculated. In Table 4.3 and Table 4.4, IRR of the significant explanatory variables 
have been reported only for the best fit model, i.e., Hierarchical Poisson (AR-1) model. 
 
 Table 4.3 Model estimates of significant variables for four-legged signalized intersections National U
niversity of Singapore 
 
Poisson Gamma Hierarchical Poisson Gamma Hierarchical Poisson Lognormal Hierarchical Poisson (AR-1) 
Explanatory Variables 
Mean (SD) 95% BCI Mean (SD) 95% BCI Mean (SD) 95% BCI Mean (SD) 95% BCI IRR 






oadway          
Number of Lanes 0.126, (0.0544) (0.014, 0.232) 0.135, (0.0635) (0.013, 0.231) 0.122, (0.0625) (0.011, 0.243) 0.125, (0.0624) (0.012, 0.246) 1.133 
Presence of Wide Median 
(>2m) 0.182, (0.1091) (0.008, 0.414) 0.177, (0.1298) (0.007, 0.437) 0.189, (0.131) (0.005, 0.445) 0.184, (0.1299) (0.006, 0.441) 1.202 
Presence of Uncontrolled 
Left-turn Lane 0.214, (0.0922) (0.042, 0.403) 0.205, (0.1060) (0.038, 0.398) 0.199, (0.1063) (0.036, 0.395) 0.210, (0.1059) (0.042, 0.402) 1.234 
Presence of Red Light 
Camera -0.417, (0.0880) (-0.588, -0.243) -0.44, (0.1017) (-0.642, -0.247) -0.474, (0.1030) (-0.680, -0.277) -0.459, (0.1019) (-0.661, -0.257) 0.632 
Speed Limit >= 50 Km/h 0.782, (0.2452) (0.324, 1.282) 0.778, (0.2763) (0.257, 1.316) 0.779, (0.2762) (0.253, 1.33) 0.786, (0.2767) (0.272, 1.371) 2.195 
Traffic Volume in ADT 0.027, (0.0125) (0.003, 0.052) 0.027, (0.0146) (0.007, 0.056) 0.025, (0.0147) (0.006, 0.055) 0.023, (0.0142) (0.005, 0.051) 1.024 
Minor Roadway          
Number of Lanes 0.175, (0.0771) (0.020, 0.321) 0.159, (0.0867) (0.001, 0.331) 0.155, (0.0903) (0.001, 0.332) 0.171, (0.0875) (0.001, 0.340) 1.186 
Presence of Red Light 
Camera -0.278, (0.1043) (-0.481, -0.071) -0.285, (0.1187) (-0.515, -0.051) -0.307, (0.1210) (-0.549, -0.067) -0.294, (0.1210) (-0.535, -0.060) 
0.746 
Traffic Volume in ADT 0.014, (0.0063) (0.005, 0.025) 0.013, (0.0079) (0.003, 0.276) 0.011, (0.0077) (0.002, 0.026) 0.015, (0.0081) (0.004, 0.030) 1.015 
Intercept -1.017, (0.3356) (-1.68, -0.373) -0.98, (0.3807) (-1.72, -0.255) -1.054, (0.3860) (-1.818, -0.308) -1.093, (0.3888) (-1.848, -0.349)  
Variance1 0.219, (0.0355) (0.151, 0.291) 0.138, (0.0262) (0.09, 0.191) 0.139, (0.0263) (0.093, 0.195) 0.152, (0.0393) (0.079, 0.234)  
rho       0.567, (0.1070) (0.354, 0.793)  
Number of Observations 1080  1080  1080  1080   
1 φ/1  for Poisson-Gamma, ϕ/1  for Hierarchical Poisson Gamma,  for Hierarchical Poisson Lognormal, and  for Hierarchical Poisson (AR-1) model 2ασ 2ωσ
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Table 4.4 Model estimates of significant variables for T signalized intersections 
 
Explanatory Variables Poisson Gamma Hierarchical Poisson Gamma Hierarchical Poisson Lognormal Hierarchical Poisson (AR-1) 
 Mean (SD) 95% BCI Mean (SD) 95% BCI Mean (SD) 95% BCI Mean (SD) 95% BCI IRR 
Major R  oadway          
Presence of One Way 
Road 
-0.863, (0.2847) (-1.465, -0.326) -0.917, (0.357) (-1.646, -0.222) -0.903, (0.3642) (-1.641, -0.203) -0.914, (0.3687) (-1.671, -0.219) 0.401 
Presence of Uncontrolled 
Left-turn Lane 
0.310, (0.1516) (0.004, 0.608) 0.332, (0.2026) (0.012, 0.732) 0.319, (0.2029) (0.007, 0.733) 0.333, (0.2035) (0.013, 0.735) 1.395 
Presence of Exclusive 
Right-turn Lane 
0.831, (0.2511) (0.365, 1.360) 0.907, (0.3268) (0.287, 1.557) 0.905, (0.3324) (0.272, 1.587) 0.916, (0.3343) (0.271, 1.578) 2.500 
Presence of Red Light 
Camera 
-0.599, (0.1663) (-0.913, -0.278) -0.707, (0.2307) (-1.173, -0.276) -0.833, (0.2408) (-1.317, -0.376) -0.794, (0.2422) (-1.275, -0.323) 0.452 
Traffic Volume in ADT 0.005, (0.0028) (0.001, 0.012) 0.006, (0.0038) (0.001, 0.013) 0.007, (0.0037) (0.001, 0.014) 0.008, (0.0039) (0.003, 0.015) 1.008 
Minor Roadway          
Number of Lanes 0.510, (0.1946) (0.118, 0.898) 0.557, (0.2709) (0.022, 1.086) 0.508, (0.2688) (0.013, 1.074) 0.548, (0.2776) (0.005, 1.086) 1.729 
Presence of Exclusive 
Right-turn Lane 
0.421, (0.1826) (0.059, 0.787) 0.533, (0.2501) (0.043, 1.054) 0.458, (0.2428) (0.03, 0.972) 0.473, (0.2583) (0.007, 0.998) 1.604 
Speed Limit >= 50 km/h 1.121, (0.4890) (0.259, 2.166) 1.225, (0.5468) (0.240, 2.423) 1.268, (0.5576) (0.198, 2.556) 1.272, (0.5750) (0.188, 2.490) 3.568 
Traffic Volume in ADT 0.004, (0.0021) (0.001, 0.009) 0.005, (0.0028) (0.001, 0.012) 0.005, (0.0029) (0.001, 0.011) 0.006, (0.0031) (0.002, 0.014) 1.006 
Intercept -3.294, (0.6463) (-4.64, -2.087) -3.666, (0.8064) (-5.315, -2.153) -3.771, (0.8843) (-5.603, -2.158) -3.796, (0.8428) (-5.574, -2.223)  
Variance1 0.254, (0.0966) (0.076, 0.456) 0.359, (0.1022) (0.193, 0.592) 0.387, (0.1123) (0.210, 0.646) 0.06, (0.0438) (0.005, 0.178)  
rho       0.916, (0.0627) (0.759, 0.994)  






1 φ/1  for Poisson-Gamma, ϕ/1 2ασ for Hierarchical Poisson Gamma,  for Hierarchical Poisson Lognormal, and  for Hierarchical Poisson (AR-1) model 2ωσ
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4.5 Significant Variables at Four-legged Intersections 
 
An examination of Table 4.3 shows a number of factors to be significantly associated with 
motorcycle crashes at four-legged signalized intersections. For the major roadway, they 
are (1) number of lanes, (2) presence of uncontrolled left-turn lane, (3) presence of wide 
median, (4) presence of red light camera, (5) speed limit and, (6) traffic volume. For the 
minor roadway, they are (1) number of lanes, (2) presence of red light camera and, (3) 
traffic volume. Safety effects of these significant variables are discussed below. 
 
Number of Lanes 
The number of lanes along the major roadway of four-legged signalized intersections has 
been found to be significantly (95% BCI (0.01, 0.25), IRR 1.13) associated with 
motorcycle crashes. The IRR for this variable indicates that all other things being equal, a 
roadway with one additional lane increases the motorcycle crashes by about 13%. This 
may be because of several reasons. First; a higher number of lanes allow more 
opportunities for motorcycles to move in between the traffic queue and accumulate in 
front of the stop line. This will increase the exposure of motorcyclists to the conflicting 
stream. The exposure of motorcyclists at signalized intersections will be elaborately 
discussed in Chapter 6. Second; the number of the conflict points increases with the 
number of lanes. Third; red light running propensity at intersections is higher on roads 
with higher number of lanes (Porter and England, 2000) and this is made worst because 
motorcycles are overexposed due to a higher likelihood of them forming up at the stop 
line. 
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For the minor roadway, the number of lanes has also been found to have a positive (95% 
BCI (0.001, 0.34), IRR 1.19) association with motorcycle crashes. The reasons are similar 
to those for the major roadway as discussed in the previous paragraph. Results show that 
an additional lane in the minor roadway increases the motorcycle crashes by about 19%. 
This higher value than the one for the major roadway is obvious as high number of lanes 
at the minor roadway is mainly for large intersections where the exposure problem of 
motorcyclists is likely to be higher. 
 
Presence of Wide Median (>2 meter) 
The presence of wide median in the major roadway of a four-legged signalized 
intersection is associated with higher motorcycle crashes (95% BCI (0.006, 0.44), IRR 
1.20). Compared to roads without a wide median, roads with a wide median increase the 
motorcycle crashes by about 20%. There may be several reasons for the increase of 
motorcycle crashes due to the wide median. First; a wide median often block the driver’s 
views during the unprotected right-turn green phase (Yan and Radwan, 2007). Moreover, 
the motorcycles approaching the junction are less likely to be perceived by the drivers 
compared to approaching cars (Crundall et al., 2008b). Hence, less conspicuous 
motorcycles coupled with restricted driver’s views in presence of a wide median are likely 
to increase motorcycle crashes. Second; a wide median allows greater degree of spatial 
freedom for right-turning vehicles. Chin and Quddus (2003) have argued that wider 
median width may also create more conflicts between interacting vehicles near the stop 
line as movements of through vehicles are less channelized. Third; while crossing the 
intersection with a wide median, vehicles from the conflicting stream need a longer 
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clearance time thus increasing the likelihood of crashes with motorcycles discharging 
early in the green. 
 
Presence of Uncontrolled Left-turn Lane 
The presence of uncontrolled left-turn lane at the major roadway of an intersection is 
associated with higher motorcycle crashes (95% BCI (0.042, 0.40), IRR 1.23) and it 
increases such crashes by about 23%. The uncontrolled left-turn lane at signalized 
intersections allows left-turn vehicles to merge into the cross traffic stream. Chin and 
Quddus (2003) have reported that the presence of uncontrolled left-turn lane increases 
traffic crashes while Mitra et al. (2002) have reported that the presence of such lane 
increases head-to-side crashes. Hence motorcyclists may involve in head-to-side crashes 
for traffic operations with the use of such a lane at signalized intersections. This type of 
crash involvement of motorcyclists may be due to several reasons. First; motorcyclists 
tend to weave forward and may queue to the left of the front vehicle, obvious that the 
driver may not know its presence while making the merge. Second; this queuing 
arrangement also makes the motorcycles invisible to vehicles in the cross traffic. Third; as 
suggested by Crundall et al. (2008b), motorcycles from the cross traffic may be less 
perceived by drivers waiting for merging as motorcycles are less conspicuous. Fourth; 
arrival times of motorcycles from the cross traffic are likely to be misjudged by drivers 
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Presence of Red Light Camera 
The presence of red light camera (RLC) at the major roadway has been found to be 
effective in reducing motorcycle crashes (95% BCI (-0.66, -0.26), IRR 0.63). The 
corresponding reduction of motorcycle crashes is about 37% compared to roads without 
the RLC. Moreover, the presence of red light cameras at the minor roadway is also found 
to reduce motorcycle crashes (95% BCI (-0.54, -0.06), IRR 0.75) with the corresponding 
reduction of about 25%. Previous studies have shown that RLC is very effective in 
curbing red light violations (e.g., Chin, 1989; Lum and Wong, 2003b) and hence potential 
right-angle crashes (Huang et al., 2006). 
 
From a follow-up field study, it is found that motorcycles are less disciplined in queuing 
behind the stop line where there is no red light camera. They will discharge early in the 
green interval thus becoming more exposed to red-runners from the conflicting traffic 
stream. In the presence of a RLC, motorcyclists are reluctant to queue beyond the stop-
line, so that there are fewer motorcycles in the front of the queue. Since weaving spaces 
become blocked by the motorcycles in front, the weaving opportunities for motorcyclists 
behind also reduce. Consequently, less motorcycle is discharging from the head of the 
queue as well as their start up is delayed due to waiting behind the stop line. Hence they 
are less exposed during the initial period of green which may reduce their not-at-fault 
crash involvements. Indeed, Haque et al. (2009) have reported that the presence of red 
light cameras reduce the not-at-fault crash involvement of motorcyclists. Hence RLC 
improves the safety to motorcyclists by not only reducing violations due to red light 
running but also motorcycle exposure due to a less accumulation in the front of the queue 
as well as a later start up. This interesting finding will be explained in detail in chapter 7. 
National University of Singapore  94 
Chapter Four: Crash Occurrence Modeling 
The reduction of motorcycle crashes is higher when the RLC installs at the major roadway 
of four-legged intersections. This higher reduction is due to reduction in violations and 
exposure of motorcycles on the major road where the motorcycle traffic is likely to be 
higher than on the minor road. 
 
Speed Limit ≥ 50 Km/h 
Compared to roads with lower speed limits, higher-speed major roads are associated with 
higher motorcycle crashes (95% BCI (0.27, 1.37), IRR 2.19). Previous studies, as 
reviewed by Aarts and van Schagen (2006), have also shown that roads with higher speed 
limits have the higher crash potential. Specifically, these roads may give rise to more rear-
end crashes at the intersection (Poch and Mannering, 1996; Wang and Abdel-Aty, 2006). 
A rear-end collision at signalized intersections commonly happen when the leading 
vehicle chooses to stop at the onset of amber but the following vehicle decides to cross or 
fails to stop. Quddus et al. (2002) have argued that motorcyclists are less able to respond 
when the leading vehicle stops suddenly. This is worse on high-speed roads.  
 
Traffic Volume 
Traffic volume on the major roadway has been found to have a positive association (95% 
BCI (0.005, 0.051), IRR 1.024) with motorcycle crashes. Higher traffic on the minor 
roadway has also been found to show a positive effect (95% BCI (0.004, 0.030), IRR 
1.015) on motorcycle crashes. 
 
Exposure of crashes is likely to depend on the traffic volume. Available gaps for the right-
turn opposing as well as the left-turn merging traffic are likely to reduce with the higher 
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volume. Hence riders or drivers may more willing to take risk while making turns. 
Moreover, traffic volume has a significant positive correlation with the frequency of red 
light running (Bonneson et al., 2001) in which motorcycles are particularly vulnerable. 
 
4.6 Significant Variables at T Intersections 
 
On T signalized intersections, (1) the presence of one way road, (2) presence of 
uncontrolled left-turn lane, (3) presence of exclusive right-turn lane, (4) presence of red 
light camera, (5) traffic volume at the major roadway and (1) the number of lanes, (2) 
presence of exclusive right-turn lane, (3) presence of red light camera, (4) speed limit of 
the minor roadway are found to be significantly associated with motorcycle crashes (See 
Table 4.4). Safety effects of those variables are discussed below. 
 
Presence of One Way Road 
Motorcycle crashes at T signalized intersections have been found to reduce significantly 
(95% BCI (-1.67, -0.22), IRR 0.40) if the major roadway is a one way road. The 
corresponding reduction of motorcycle crashes is about 60%. In a T configuration where 
only two movements per approach, the number of conflicting streams is greatly reduced 
when the major road way is a one way road. Specifically T intersections with one-way 
major road have only two conflicting groups while two-way major roads have five 
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Presence of Uncontrolled Left-turn Lane 
The presence of the uncontrolled left-turn lane on the major roadway is associated (95% 
BCI (0.01, 0.74), IRR 1.40) with higher motorcycle crashes and it increases motorcycle 
crashes by about 40%. Generally, the provision of a left-turn lane creates more merging 
conflicts. In the T configuration, the uncontrolled left-turn at the major roadway allows 
vehicles to merge with right-turning vehicles from the oncoming traffic. This may result in 
a higher likelihood of a crash, perhaps sideswipe and head-to-side types which are more 
serious by nature. Moreover, with the difficulties to detect motorcycles or to perceive 
correctly their speed, the likelihood of motorcycle crashes during merging by the 
uncontrolled left-turn lane will increase. 
 
Presence of Exclusive Right-turn Lane 
The presence of exclusive right-turn lanes in the major roadway has been found to 
increase (95% BCI (0.27, 1.58), IRR 2.50) motorcycle crashes by about 2.5 times over 
roads without exclusive right-turn lanes. A follow-up field study (see Chapter 6) shows 
that motorcyclists use the exclusive right-turn lane as a bypass if it is not fully utilized. In 
general, the utilization of the straight-through lanes and right-turn lanes are not balanced. 
Motorcyclists tend to utilize the unused lanes to maneuver to the front of the queue. Hence 
the presence of the right-turn lane gives more opportunity for motorcyclists to form up at 
the stop line, thus increasing the exposure to the traffic from the conflicting stream. 
Furthermore vehicles in the exclusive right-turn lane may turn during the unprotected 
green phase making it hazardous to motorcyclists for several reasons: (1) right-turning 
drivers may not pay attention to motorcyclists around them (e.g., Hurt et al., 1981; 
Mannering and Grodsky, 1995), (2) turning drivers may be less able to perceive 
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motorcycles from the opposing stream (Crundall et al., 2008b), (3) drivers may over 
estimate the arrival time of motorcycles from the opposing stream (Caird and Hancock, 
1994) and, (4) motorcycles are less conspicuous (e.g., Williams and Hoffmann, 1979b). 
 
The presence of exclusive right-turn lanes in the minor roadway has also been found to 
have a positive association (95% BCI (0.007, 0.99), IRR 1.60) with motorcycle crashes 
and the corresponding increase is about 60%. The right-turning vehicles from the minor 
roadway of a T intersection have potential conflicts with the through traffic from the 
major roadway. As right tuning vehicles from the minor roadway may take longer time to 
clear the T intersections, early discharging behavior of motorcyclists from the major 
roadway may increase the crash likelihood of motorcycles. 
 
Presence of Red Light Camera 
The presence of red light camera (RLC) along the major roadway also shows a decreasing 
effect on the motorcycle crashes (95% BCI (-1.27, -0.32), IRR 0.45) with a reduction of 
about 55% over the case of without a camera. Safety impacts of RLCs on the motorcycle 
safety at T intersections are similar to that of four-legged intersections as discussed in the 
previous section. 
 
Number of Lanes 
Number of lanes on the minor roadway of T signalized intersections is found to have a 
positive association (95% BCI (0.01, 1.09), IRR 1.73) with motorcycles crashes. Lanes on 
the minor roadway of T configuration are used for either left turning or right turning. 
Hence turning lanes on the minor roadway of T signalized intersections appear to cause 
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more motorcycle crashes. One additional lane on the minor roadway increases motorcycle 
crashes by about 73%. Higher number of lanes may increase two types of exposure. 
Firstly; weaving opportunities of motorcycles increase with higher number of lanes and 
thus accumulate in front of stop line and increase exposure of motorcyclists to the traffic 
from the major roadway. Secondly; the exposure of right-turning vehicles from major 
roadway increase with higher number of lanes at minor roadway as the crossing distance 
increases and hence lead to high number of crashes (Wang and Abdel-Aty, 2008). 
 
Speed Limit ≥ 50 Km/h 
The higher speed limit along the minor roadway is also found to have a positive 
association with motorcycle crashes (95% BCI (0.19, 2.49), IRR 3.57). Bonneson and 
Zimmerman (2004) have reported that the red-light violations increase for roads with 
higher speed limit as the degree to which a driver underestimates his/her speed increases 
with speed. As motorcycles are highly exposed to the conflicting stream, high-speed roads 
with potentially higher red light violations are likely to increase the motorcycle crashes. 
 
Traffic Volume 
Motorcycle crashes have also been found to increase with the traffic volume (95% BCI 
(0.003, 0.015), IRR 1.008) on the major roadway of T intersections. Interactions between 
vehicles increase with the higher traffic volume and hence increase the likelihood of 
crashes. Moreover, higher traffic volume on major roadway will offer fewer available 
gaps for merging of left turning traffic from the minor roadway in case of operating 
priority controlled left turning and motorists may accept a smaller gap and hence higher 
risk. 
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Traffic volume on the minor roadway also shows a positive effect (95% BCI (0.002, 
0.014), IRR 1.006) on the motorcycle crashes at T signalized intersections. The traffic 
from the minor roadway of a T intersection is mainly turning vehicles. Hence increasing 




The analysis of this chapter attempts to model the motorcycle crashes at four-legged and T 
signalized intersections in Singapore. This chapter has discussed the modeling results and 
interpretation of significant variables for both four-legged and T signalized intersections. 
Several Bayesian hierarchical models have been employed to take care of unobserved 
heterogeneities as well as location-specific effects and/or serial correlations in the time of 
the crash counts. By treating the data in time-series cross-section panels, the Hierarchical 
Poisson (AR-1) model has been found to be superior in modeling motorcycle crashes at 
both four-legged and T signalized intersections. Though the model selection may depend 
on specific data, the Bayesian model specification for autoregressive lag-1 dependence 
specification in the error term can be regarded as an improvement in the crash occurrence 
modeling. The further application of this model in hot spots or black spots identification 
may be promising. 
 
Results show that the number of lanes at the four-legged signalized intersections 
significantly increases motorcycle crashes largely because of the higher exposure resulting 
from higher motorcycle accumulation at the stop line. Furthermore, the presence of a wide 
median and an uncontrolled left-turn lane at major roadways of four-legged intersections 
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exacerbate this potential hazard. For T signalized intersections, the presence of exclusive 
right-turn lane at both major and minor roadways and an uncontrolled left-turn lane at 
major roadways increases motorcycle crashes. Motorcycle crashes increase on high-speed 
roadways because they are more vulnerable and less likely to react in time during 
conflicts. The presence of red light cameras reduces motorcycle crashes significantly for 
both four-legged and T intersections. 
 
Interpretations of significant variables of motorcycle crash occurrence modeling suggest 
that motorcyclists are more likely to be involved in right-angle collisions at signalized 
intersections. Hence it would be useful to conduct a further investigation on the right-
angle crash involvements of motorcyclists. To investigate the right-angle crash 
involvements of motorcyclists, the consideration of fault of crash involvements is very 
important. This is because such a consideration may help to distinguish the vulnerable 
crash involvements of motorcyclists from that of at-fault. An explicit study on the right-
angle crash involvements of motorcyclists is presented in the next chapter.  
 
 CHAPTER FIVE 





Singapore crash statistics show that motorcycles are involved in 59% of right-angle 
crashes at signalized intersections. Moreover, the not-at-fault crash involvement of 
motorcyclists is about 67% at right-angle crashes at signalized intersections. Indeed, 
several studies (e.g., Clarke et al., 2007; Hurt et al., 1981) have reported that motorcycles 
are more likely to be victims in intersection crashes as the probability of violating the 
right-of-way of motorcycles is higher at intersections. For such crashes, the usual crash 
type is vehicles from the conflicting stream pulling out into the path of an approaching 
motorcycle resulting in a right-angle crash. However, different roadway geometry, traffic, 
environmental factors that may affect the right-angle crash vulnerability of motorcycles at 
intersections has not been studied explicitly. Hence it would be worthwhile to study the 
right-angle crashes at signalized intersections to examine how motorcycles become 
victims of such crashes. 
 
As elaborately discussed in the literature review of chapter 2, intuitively there are several 
characteristics of motorcycle maneuvers or behaviors that may increase their likelihood of 
right-angle crash involvements at intersections. Hence it would be interesting to examine 
in greater details how these characteristics will increase right-angle crash hazards at 
intersections. To do this, a good strategy is to analyze the fault of the involved parties in 
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right-angle crashes at intersections. This is because without considering the issue of fault 
in motorcycle–related collisions the true interpretation on the vulnerability of motorcycles 
may not be properly investigated. Hence it may be difficult to recommend effective 
corrective measures to improve motorcycle safety and any program to bring about 
behavior modification among motorcyclists and drivers of other motor-vehicles may not 
be fruitful.  
 
Indeed, several studies have reported that rider training programs are not effective in 
improving motorcycle safety (See Table 2.3). This may be due to the lack of 
understanding of the causal factors that contribute to crashes due to motorcyclist or other 
driver negligence. Therefore a comprehensive understanding on the fault of drivers and 
motorcyclists during crashes involving motorcycles may be useful to propose more 
sophisticated and targeted countermeasures and awareness programs for improving 
motorcycle safety. 
 
The analysis of this chapter is devoted to identify key factors that contribute to the right-
angle crash vulnerability of motorcyclists at signalized intersections. This is done by 
explicitly considering right-angle collisions between at-fault vehicles and not-at-fault 
motorcycles. Mathematically it is carried out by formulating a mixed logit model, based 
on the binary responses of whether an at-fault vehicle collides with a not-at-fault 
motorcycle in comparison with other vehicle types, to explain how variations in roadway 
characteristics, environmental factors, traffic factors, maneuver types, human factors as 
well as driver demographics will influence the right-angle crash vulnerabilities of 
motorcycles at signalized intersections. The statistical model developed in section 3.2 is 
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employed to conduct this analysis. Moreover, a comparison among not-at-fault vehicles 
involved in right-angle crashes has also been made to gain a more holistic picture of the 
vulnerability of motorcyclists at signalized intersections.  
 
The data source and variables considered for this study is described first and this is 
followed by estimations and selection of the model considered to analyze the right-angle 
crash involvements of motorcycles at intersections. The effects of different significant 
variables are then discussed in the subsequent section. 
 
5.2 Empirical Setting 
 
For this analysis, Singapore crash data maintained by the Singapore Traffic Police from 
1998 to 2002 have been used. During this 5-year period, there were 19,415 motorcycle 
crashes of which 6,741 crashes occurred at intersections. The crash data from 1998 to 
2002 is used because in those dataset the crash type has been defined clearly. A sample 
structure of crash data is appended in Appendix A (See Table A.1). 
 
In order to investigate the right-angle crash vulnerability of motorcyclists, the fault of 
drivers/riders during such collisions between motorcycles and other vehicles has been 
analyzed. The definition of at-fault or not-at-fault follows that incorporated in the traffic 
police crash report. The at-fault drivers or riders are those who were mostly responsible 
for the crash occurrence and the not-at-fault drivers and riders are those who were not 
responsible or less responsible for the crash occurrence. 
 
National University of Singapore  104 
Chapter Five: Right-angle Crash Vulnerability 
The validity of assigning fault to a driver/vehicle involved in a crash is an important 
concern. Without an appropriate assignment of fault to drivers and riders, the fault 
analysis may result in misleading and biased interpretations. Critics claim that the 
assignment of fault perhaps biases by the traffic police who assigns the fault to drivers 
and/or riders. Moreover, the traffic police from different states or counties may act 
differently as their training process may be different. However, this is not the case for the 
island country Singapore. The quality of the traffic police crash report in Singapore is 
expected to be better as the crash investigation team is a small group of people who are 
well trained for the crash investigation. After crash reconstruction and forensic 
investigation, all of the road traffic crashes over the island are prepared by that 
investigation team of the traffic police department. Given the rigorous crash investigation 
process with the well trained crash investigation team, the possibility of reporting biasness 
is likely to be small. Kim and Li (1996) have argued that the purpose of crash reporting is 
to ascertain fault and hence the determination of fault is duty bound to be accurate. It is 
worth mentioning that fault, in some instances, may be a combination of all the people 
involved in crashes. However, assigning fault to riders, drivers, or others (e.g., 
pedestrians) involved in crashes may be an effective way to examine and explore crashes. 
A similar approach of analyzing fault using the traffic police crash report has also been 
found elsewhere (Kim and Boski, 2001; Kim and Li, 1996). 
 
Before analyzing the fault of crash-involvements, dataset needs to careful preparation. 
This is because some certain types of crash involvements are likely to be predetermined to 
assign at-fault if that driver has been issued a citation. For example, the police officer may 
assign at-fault to a crash-involved driver/rider if he or she found to have another type of 
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violation (e.g., driving under the influence of alcohol, using phone whilst driving etc.). 
The same is true for hit-and-run crashes in which the hit-and-run driver/rider is likely to be 
assigned at-fault. These types of fault assignment may not truly reflect hazardous driving 
actions itself. Hence several researchers (e.g., Jiang and Lyles, 2007; Stamatiadis and 
Deacon, 1997) have advocate using clean crash records to analyze fault data for estimating 
risk factors. 
 
To simplify the driver’s and/or rider’s culpability in a crash, the analysis of this chapter is 
restricted to two motor-vehicle right-angle collisions at signalized intersections. Moreover, 
to get “clean” crash records the following crashes have been eliminated: hit-and-crashes, 
crash-involved drivers/riders received any citation (e.g., impaired due to alcohol, 
intoxicated by any drug, phone using etc.), missing information on the fault assignment or 
any explanatory variable. Following this data filtering, clean two-vehicle right-angle 
crashes comprise about 96% of such crashes at signalized intersections. In total, 7,460 at-
fault drivers/riders have been identified who have collided with motorcycles and other 
vehicles in two-vehicle right-angle crashes at signalized intersections. 
 
The focus of this study is to identify the circumstances in which a motorcycle involves in 
a right-angle crash as a victim of the crash. In order to do this, two choice categories have 
been defined to model in a discrete choice model. They are: (1) an at-fault driver/vehicle 
collides with a not-at-fault motorcycle at right-angle collisions; (2) an at-fault 
driver/vehicle collides with other vehicles at right-angle collisions at signalized 
intersections. Defining this way, the dataset shows that the first choice category represents 
about 37% while the second category represents the rest 63%. 
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Table 5.1 Summary statistics of explanatory variables included in the model 
 
Explanatory Variables Description of Variables Mean St. Dev 
Time Trend Month of Crash (Assuming that January 1998=1 to December 2002=60) 31.329 16.942 
Weekend Indicator If crash is on weekend (Friday 2000 to Sunday 2400)=1, otherwise=0 0.323 0.468 
Night time Indicator If crash between 1900 to 0700=1, otherwise=0 0.437 0.496 
Wet Road Surface If crash is on wet road surface=1, otherwise=0 0.098 0.297 
Intersection Type If crash is on three-legged intersection =1, on four-legged intersection =0 0.430 0.495 
Type of Traffic    
              One-way If crash is on one-way road=1, otherwise=0 0.070 0.255 
              Two-way If crash is on two-way road=1, otherwise=0 0.247 0.431 
              Dual Carriageway* If crash is on dual-carriageway=1, otherwise=0 0.683 0.465 
Lane Position    
            Single Lane If crash is on single lane=1, otherwise=0 0.066 0.249 
            Curb Lane If crash is on curb lane=1, otherwise=0 0.230 0.421 
            Median Lane If crash is on right lane=1, otherwise=0 0.203 0.402 
            Centre Lanes* If crash is on centre lanes=1, otherwise=0 0.501 0.500 
Speed Limit    
             40 Km/h If speed limit 40 Km/h=1, otherwise=0 0.018 0.133 
             50 Km/h* If speed limit 50 Km/h=1, otherwise=0 0.950 0.219 
             70 Km/h If speed limit 70 Km/h=1, otherwise=0 0.029 0.169 
             >70 Km/h If speed limit >70 Km/h=1, otherwise=0 0.003 0.053 
Presence of Red Light 
Camera 
If camera exists at crash location=1, 
otherwise=0 0.109 0.311 
Age Continuous 39.095 12.702 
Gender If driver/rider is male=1, otherwise=0 0.875 0.330 
Driver/Rider Race    
              Chinese* If driver/rider is Chinese=1, otherwise=0 0.792 0.406 
              Malay If driver/rider is Malay=1, otherwise=0 0.111 0.314 
              Others If driver/rider is of other race=1, otherwise=0 0.096 0.295 
Vehicle Type    
              Motorcycle* If vehicle is a motorcycle=1, otherwise=0 0.191 0.393 
              Light Vehicle If vehicle is a light vehicle=1, otherwise=0 0.690 0.463 
              Heavy Vehicle If vehicle is a heavy vehicle=1, otherwise=0 0.119 0.324 
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Explanatory Variables Description of Variables Mean St. Dev 
Presence of Passenger If a passenger present in the vehicle during the crash=1, otherwise=0 0.118 0.323 
Registration1 If vehicle registered other  than Singapore=1, otherwise=0 0.056 0.231 
Headlight If headlight is on during crash=1, otherwise=0 0.596 0.491 
Maneuver of Vehicle    
              Driving Ahead* If vehicle is driving ahead=1, otherwise=0 0.327 0.469 
              Right-turning If vehicle is right turning=1, otherwise=0 0.569 0.495 
              Left-turning If vehicle is left turning=1, otherwise=0 0.044 0.206 
              U-turning If vehicle is U turning=1, otherwise=0 0.030 0.170 
              Others If vehicle is doing other maneuver=1, otherwise=0 0.031 0.172 
Specific Cause    
              Care If driver/rider is turning without due to care to other vehicles=1, otherwise=0 0.243 0.429 
              Give way If driver/rider fails to give way to other vehicles =1, otherwise=0 0.266 0.442 
              Lookout 
If driver/rider fails to ensure a proper 
lookout of vehicles in the traffic 
stream=1, otherwise=0 
0.276 0.447 
              Red-light Running If driver/rider runs the red prior to the crash=1, otherwise=0 0.161 0.368 
              Others* For other reasons=1, otherwise=0 0.053 0.225 
* Reference Category for Categorical independent variables 
1 A large number of vehicles from Malaysia enter into Singapore for work everyday because of geographical proximity 
 
 
A total of 18 explanatory variables have been assumed to influence those choice 
categories. As shown in Table 5.1, they include roadway characteristics, environmental 
factors, driver/rider attributes, vehicle factors, maneuver types, specific cause factors as 
well as time effects. To capture the non-linear relationship, if any, between the crash 
involvement and driver age, the square of the driver age has also been considered to input 
to the model. The majority of the variables included are categorical dummy variables that 
simply indicate the existence of a certain condition. Vehicles are classified into three 
categories: motorcycles including scooters, light vehicles including passenger cars, pick-
up trucks and vans, and heavy vehicles such as buses, lorries, container trucks and trailers. 
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5.3 Model Estimation 
 
The mixed logit model, as developed in section 3.2.2, estimates of significant variables 
along with the crash probabilities for colliding with not-at-fault motorcycles are presented 
in Table 5.2. The likelihood ratio statistic for the model is 2245.41 with 28 degrees of 
freedom (df), which is well above the critical value at a 5% significance level. This means 
that the model has a sufficient explanatory power. Moreover, the McFadden pseudo-R2 (as 
in equation 3.24) of 0.228 also indicates a reasonable level of fit. The likelihood ratio test 
described in section 3.2.4 has also been conducted to check the appropriateness of the 
mixed logit model over the standard logit model in terms of model fit. The likelihood ratio 
statistic of 26.31 with 7 df, which is greater than the critical value of 14.1, ensures a better 
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Table 5.2 Mixed logit estimates of significant variables for colliding with not-at-fault 
motorcycles at right-angle collisions 
 





Constant (st. dev. of parameter dist.) -3.208 (0.404) 0.167 (0.032) -19.20 (12.46) 
Night time indicator, fixed parameter 0.149 0.046 3.21 
Wet Road Surface, fixed parameter -0.237 0.076 -3.13 
Intersection Type 0.444 0.048 9.20 
Type of Traffic    
    One-way (st. dev. of parameter dist.) 0.270 (1.477) 0.102 (0.150) 2.64 (9.83) 
    Two-way, fixed parameter 0.273 0.057 4.80 
Lane Position    
    Single Lane, fixed parameter 0.359 0.103 3.51 
    Curb Lane, fixed parameter 0.081 0.056 1.46 
    Median Lane (st. dev. of parameter dist.) 0.227 (0.240) 0.059 (0.070) 3.82 (3.44) 
Presence of Red Light Camera (st. dev. of 
parameter dist.) -0.559 (1.567) 0.090 (0.136) -6.25 (11.55) 
Age (st. dev. of parameter dist.) 0.003 (0.015) 0.002 (0.001) 2.18 (18.18) 
Vehicle Type    
    Light Vehicle (st. dev. of parameter dist.) 1.542 (0.969) 0.085 (0.039) 18.11 (19.58) 
    Heavy Vehicle, fixed parameter 1.192 0.100 11.90 
Presence of Passenger (st. dev. of parameter dist.) -4.103 (4.210) 0.481 (487) -8.54 (8.64) 
Maneuver of Vehicle    
    Right-turning, fixed parameter 1.047 0.072 14.59 
    Left-turning, fixed parameter 1.198 0.118 10.17 
    U-turning, fixed parameter 1.411 0.138 10.22 
    Others, fixed parameter 1.046 0.143 7.32 
Specific Cause    
    Care, fixed parameter 0.472 0.122 3.88 
    Give way, fixed parameter 0.424 0.121 3.51 
    Lookout, fixed parameter 0.288 .121 2.39 
    Red-light Running, fixed parameter 0.498 0.143 -3.48 
Number of observations 7460  
Log-likelihood at zero -4919.415  
Log-likelihood at convergence -3796.709       
Log-likelihood at convergence without random parameters -3809.864  
Pseduo-R2 0.228  
LR chi-square 2245.41 (28df)  
p-value for LR chi-square <0.0001  
LR chi-square for random parameters 26.31 (7df)  
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5.4 Discussion of Significant Variables 
 
An examination of Table 5.2 shows that all estimated parameters have plausible 
magnitudes and signs. Parameters have been found to be significant are: night time crash 
occurrence, wet surface, type of traffic, lane position, intersection type,  presence of red 
light cameras, driver age, vehicle type, presence of passenger, maneuver of vehicles and 
specific causal factors like failing to give way, red light running. Among the parameters 
constant term, one-way traffic type, crash at median lane, presence of red light cameras, 
driver age, light vehicle, and presence of passenger have been found to be random across 
the individuals involved in right-angle crashes at intersections. For all random parameters, 
the normal distribution has been found to yield a better statistical fit. 
 
The odds ratio and the percentage in probability change from its reference category are 
computed and presented in Table 5.3. Interpretations of significant variables are discussed 
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Table 5.3 Odds ratio and marginal effects of significant variables 
 
%Change in probability for Collision with Explanatory Variable Odds 
Ratio Motorcycles Other Vehicles 
Night time indicator 1.160 11.12 -4.24 
Wet Road Surface 0.789 -15.87 6.61 
Intersection Type 1.560 36.71 -12.34 
Type of Traffic    
    One-way 1.310 37.21 -13.89 
    Two-way 1.314 21.09 -7.87 
Lane Position    
    Single Lane 1.432 28.20 -10.50 
    Curb Lane 1.085 6.04 -2.25 
    Median Lane 1.255 18.02 -6.71 
Presence of Red Light Camera 0.572 -10.51 4.55 
Age 1.003 0.41 -0.17 
Vehicle Type    
    Light Vehicle 4.674 252.46 -30.75 
    Heavy Vehicle 3.292 163.61 -19.93 
Presence of Passenger 0.017 -60.75 40.17 
Maneuver of Vehicle    
    Right-turning 2.848 118.28 -23.37 
    Left-turning 3.315 139.87 -27.63 
    U-turning 4.101 171.31 -33.84 
    Others 2.847 118.22 -23.36 
Specific Cause    
    Care 1.603 41.77 -11.54 
    Give way 1.529 37.17 -10.27 
    Lookout 1.334 24.40 -6.74 
    Red-light Running 1.645 44.36 -12.25 
 
 
Night-time Crash Occurrence 
Night time driving has been found to be significantly affecting the right-angle crash 
involvement of at-fault drivers. Its estimated parameter is fixed across the sample 
population as the standard deviation of this parameter distribution, when allowed to be 
random, is not statistically significant. Results show that night time influence increases the 
odds of at-fault drivers to collide with not-at-fault motorcyclists by about 16% during 
right-angle crash involvement at signalized intersections. Drivers often face difficulties in 
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detecting motorcycles due to their reduced conspicuity (Williams and Hoffmann, 1979b). 
This problem may even be higher at night which leads to right-angle crash involvements 
with motorcycles at intersections. Moreover, relatively higher speed of vehicles at night 
(less effect of other traffic) may exacerbate this potential hazard if motorcycles’ reduced 
conspicuity creates any surprise situation at that time. A comparison among not-at-fault 
vehicles, involved in right-angle crashes at signalized intersections, also confirms that the 
odds of motorcycles being not-at-fault are about 17% higher at night than day time (see 
Table 5.4). 
 
Table 5.4 Not-at-fault right-angle crash-involvements of vehicles at intersections by 
time of the crash 
 
Not-at-fault Vehicle Type Crash Time 
Motorcycle Other Motor-vehicle 
Odds Ratio Chi-square p-value 
Night 1,214 1,015 1.168 7.927 0.005 
Day 1,612 1,575 Reference   
 
 
Wet Road Surface 
Indicator variable wet road surface, as a fixed parameter, has been found to be significant 
in determining collision categories of right-angle crash involvements at signalized 
intersections. Results show that while the odds of right-angle collisions with motorcycles 
decrease by about 21% in wet road surface, the corresponding odds with other vehicles 
increase by about 27%. Several researchers (e.g., de Lapparent, 2006; Shankar and 
Mannering, 1996) have argued that wet pavements may be a visual deterrent for 
motorcyclists to exhibit any risky activity like speeding. However, the fault analysis 
among motorcyclists’ in the right-angle collisions at intersections does not show any 
National University of Singapore  113 
Chapter Five: Right-angle Crash Vulnerability 
significant difference at wet and dry road surface (see Table 5.5). Therefore, the 
seemingly reduction of collisions with motorcycles may be due to the complementary 
property of the binary logit formulation. Hence wet pavements actually result in an 
increase in right angle crashes between at-fault vehicles and other vehicles than 
motorcycles. Indeed, several studies (e.g., Caliendo et al., 2007) have reported that wet 
pavement increase the overall number of crashes. 
 
Table 5.5 Motorcyclists’ fault in right-angle crashes by road surface condition 
 
Motorcyclist Road Surface 
Condition At-fault Not-at-fault Odds Ratio Chi-square p-value 
Wet 117 247 0.935 0.325 0.569 




Intersection type has been found to be significantly associated with the right-angle crash 
likelihood and its parameter estimate is fixed across the samples. Relative to the four-
legged intersection type the probability of right-angle collisions with motorcycles at three-
legged intersections increases by about 36.7%. Ng et al. (1994) have reported that red-
light violations are higher for three-legged intersections than four-legged intersections. 
Since motorcycles are over exposed to the red runners (this phenomenon will be discussed 
in detail in chapter 6), the right-angle crash vulnerability is likely to be higher at three-
legged junctions.   
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 Type of Traffic 
The type of traffic of intersection approaches has been found to be significantly affecting 
right-angle crash involvements of vehicles. Using the dual carriageway as the reference 
category, the likelihood of colliding with motorcycles significantly increases at 
approaches with one-way and two-way traffic type with increased corresponding 
probabilities of respectively 37.2% and 21.1%. 
 
The parameter estimate for the indicator variable of one-way traffic type has been found to 
be normally distributed with mean 0.270 and standard deviation 1.477. Given these 
estimates, the parameter is greater than zero for 57% of vehicles and less than zero for the 
rest 43%. This implies that at an intersection with a one-way traffic approach, 57% of 
vehicles are more likely to collide with motorcycles and 43% of vehicles are less likely to 
collide with motorcycles. One-way traffic generally offers more freedom for vehicle 
movements and hence drivers may be more willing to speed which may implicate the 
exposed motorcycles on the conflicting stream. On the other hand, motorcycles 
discharging from one-way traffic approach have fewer interactions with conflicting 
streams and may less likely to involve in a right-angle crash as a victim of others. A 
comparison among not-at-fault vehicles in right-angle crashes also shows that though not 
significant, the odds of being not-at-fault for motorcycles decreases by about 11% in one-
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Table 5.6 Not-at-fault right-angle crash involvements of vehicles by traffic type 
 





One-way 179 198 0.894 1.060 0.303 
Two-way 874 638 1.355 24.096 <0.001 
Dual Carriageway 1,773 1,754 Reference   
 
 
Two-way traffic type has been found to have a fixed parameter estimate. An approach with 
a two-way traffic is less channelized than an approach with dual carriageway. Hence, less 
channelized movement of vehicles may create a safety hazard for motorcyclists. At a two-
way traffic approach, the odds for motorcyclists being involved in crashes as not-at-fault 
parties are 36% higher than a dual carriageway (see Table 5.6). 
 
Lane Position 
Lane position in which right-angle crash occurs is found to significantly affect the crash 
likelihood function. Relative to centre lanes, the parameter estimates for crashes on single 
lane roads have been found to be positive and fixed while crashes on the median lane have 
been found to be positive and random for determining the collision category in right-angle 
crash involvements. 
 
Results show that the probability of collisions with motorcycles increases by about 28% 
on single lane roads. On single lane roads, the lane width is wider offering more freedom 
for motorcyclists to accumulate near the stop-line. This added opportunity of weaving 
behavior in single lane roads may increase right-angle collisions with motorcycles by two 
ways. Firstly, the presence of motorcycles may not be clearly seen by conflicting stream 
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vehicle drivers as well as the view of motorcyclists to the conflicting stream may also be 
obstructed. Hence the probability of occurrence of any surprise situation is likely to be 
higher which may result a right-angle collision. And this effect may even be higher if 
motorcycles are queuing beside a heavy vehicle at single lane roads. Secondly, exposure 
of motorcycles is likely to be higher in single lane roads as they accumulate in front of the 
queue. Analysis of not-at-fault crash involvements also show that the odds of being not-at-
fault of motorcycles are about 70% higher at single lane roads than centre lanes of 
multilane roads (See Table 5.7). 
 
Table 5.7 Not-at-fault crash involvements of vehicles at right-angle collisions by lane 
position 
 
Not-at-fault Vehicle Type Lane Position 





Single Lane 258 166 1.702 25.023 <0.001 
Curb Lane 706 588 1.315 16.012 <0.001 
Median Lane 639 497 1.408 22.821 <0.001 
Centre Lanes 1,223 1,339 Reference   
 
 
Right-angle collisions at the median lane have also found to vary over the sample of 
driver/vehicles. It has been found to be normally distributed with mean 0.227 and standard 
deviation 0.240, which results in 83% of the distribution are greater than zero and the rest 
17% are less than zero. Vehicles at the median lane often operate by unprotected right-turn 
phase (in Singapore, driving is on the left side of the road). Since motorcycles 
approaching towards the junction are less likely to be perceived (Crundall et al., 2008b) or 
their arrival times are likely to be overestimated (Caird and Hancock, 1994), the operation 
of the unprotected right-turn phase may increase collisions with motorcycles at the median 
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lane. Furthermore, motorcyclists are likely to use the right-turn lane to form up at the stop 
line (maneuver behaviors will be discussed in chapter 6). Since the utilization of the 
straight-through lanes and right-turn lane are not balanced, motorcyclists tend to utilize the 
unoccupied right-turn lane for queuing thereby increasing their exposure to the conflicting 
stream. An analysis of the not-at-fault crash involvements also supports this point as the 
odds of being not-at-fault for motorcycles at the median lane is higher by about 41% than 
centre lanes (refer to Table 5.7). 
 
Presence of Red Light Camera 
The parameter estimate for the indicator variable of the presence of a red light camera has 
been found to be normally distributed with mean -0.559 and standard deviation 1.567. It 
implies that with the presence of a red light camera, the likelihood of right-angle collisions 
with motorcycles decreases for about 64% of driver/vehicles while the corresponding 
collisions with other vehicles decreases for about 36% of driver/vehicles. In general, red 
light cameras are very effective in reducing right-angle collisions (e.g., Huang et al., 2006; 
Shin and Washington, 2007). This analysis shows that given a right-angle crash, the odds 
of being collided with motorcycles as an at-fault party decrease by about 43% in the 
presence of a red light camera. Since red light cameras are very effective in curbing red 
light violations (e.g., Chin, 1989), those will be more effective in reducing right-angle 
collisions with motorcycles as they are over-exposed to red-runners. Moreover, red light 
cameras impose a restraining discharge of motorcycles during the early period of green 
(this behavior is explained in chapter 7) which may be the more vulnerable period to be 
the victims of red light runners. An analysis among not-at-fault vehicles at right-angle 
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crashes reveals that the odds of being not-at-fault for motorcyclists decrease by about 38% 
in the presence of a red light camera (see Table 5.8). 
 
Table 5.8 Effects of red light cameras on the right-angle not-at-fault crash 
involvements of vehicles 
 
Not-at-fault Vehicle Type Presence of Red 
Light Camera Motorcycles Other Motor-vehicle 
Odds Ratio Chi-square p-value 
Yes 202 286 0.620 25.002 <0.001 




The age of at-fault vehicle driver/riders has been found to be significant while the square 
of the age has not found to be significant in determining the collision category of right-
angle crash involvements. The parameter estimate of the driver age has been found to be 
normally distributed with mean 0.003 and standard deviation 0.015, which implies that the 
probability of colliding with motorcycles increases with age for 59% of at-fault 
driver/riders and the corresponding probability decreases with age for the rest. The non-
uniformity of this effect across vehicle drivers is capturing a significant heterogeneity of 
driver behavior in determining the collision category. 
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It would be interesting to identify the rider age groups that are more vulnerable to right-
angle crashes at intersections. To do this, a univariate analysis has been conducted to 
explore the relationship between the rider’s fault and rider age. The log odds of at-fault in 
right-angle crashes have been plotted with the rider age and shown in Figure 5.1. The log-
odds of being at-fault at right-angle crashes at intersections are below zero for almost all 
rider age groups (up to 75 years). This means that motorcyclists are more likely to be 
victims rather than at-fault party of right-angle crashes at intersections. Among 
motorcyclists, the odds of being not-at-fault are comparatively higher for those who are at 
middle-aged (30 to 50 years) group of the age spectrum.  
 
Vehicle Type 
Among the vehicle type variables, both indicator variables for light vehicle and heavy 
vehicle have been found to be significant. The parameter estimate of light vehicles has 
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been found to be normally distributed with mean 1.542 and standard deviation 0.969. 
Hence, 94% of light-vehicles are more likely to collide with motorcycles while 6% are 
more likely to collide with other vehicles. Automobile drivers often inattentive to 
motorcycles and condition themselves to look only for other automobiles as possible 
collision dangers (Mannering and Grodsky, 1995). This may result in a higher likelihood 
of colliding with motorcycles. 
 
The likelihood for colliding with motorcycles at right-angle crashes is also higher for 
heavy vehicles with the corresponding increase of odds by 3.3 times. Other than the 
drivers’ inattentiveness to motorcycles, a relative higher seating position of heavy vehicles 
may create difficulties to drivers in detecting motorcycles perhaps when making turns. 
 
Presence of Passenger 
The parameter estimate for the indicator variable presence of passenger has been found to 
be normally distributed with mean -4.103 and standard deviation 4.210. It gives parameter 
estimates being less than zero for 84% of at-fault driver/vehicles and greater than zero for 
the rest 16%. This implies that for majority of drivers, with a passenger presented in the 
vehicle, the likelihood of colliding with motorcycles decreases, while for a small portion 
of drivers this likelihood tends to increase. Previous studies (e.g., Lee and Abdel-Aty, 
2008) have shown that passengers may reduce driver’s risky behavior and thus decrease 
the crash potential while some other (e.g., Simons-Morton et al., 2005) have shown that 
they distract driver’s driving and increase the crash potential. In light of the above, this 
analysis shows that given a right-angle crash at intersection, the presence of passengers in 
at-fault vehicles also have varying effects in determining their collision category. On an 
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average the presence of a passenger in an at-fault vehicle decreases right-angle collision 
probability with motorcycles by about 60.8%. This higher reduction may due to the fact 
that with a passenger in the vehicle, drivers generally show more cautious and safer 
driving behavior (Vollrath et al., 2002) which may be very important in detecting and 
perceiving motorcycles. 
 
Maneuver of Vehicle 
Maneuver of vehicles prior to the crash has also been found to be significant in 
determining right-angle collision involvements at intersections. Relative to the driving 
ahead, the likelihood of colliding with motorcycles significantly increases during right-
turn, left-turn and U-turn with the corresponding increase of odds respectively of about 
2.8, 3.3, and 4.1 times. To get a clear understanding about right-angle collisions during 
different maneuvers, a matrix representing the maneuver of at-fault vehicles and not-at-
fault motorcycles is presented in Table 5.9. 
 
Table 5.9 Right-angle collision matrix between at-fault vehicles and not-at-fault 
motorcycles by maneuver types 
 
Maneuver of Not-at-fault Motorcycles Maneuver of at-fault  
motor-vehicle Driving Ahead Right-turning Left-turning U-turning Others 
Driving Ahead 80.33% (241)* 15.67% (47) 1.33% (4) 0.33% (1) 2.33% (7) 
Right-turning 97.71% (2,004) 1.37% (28) 0.1% (2) 0% (0) 0.83% (17) 
Left-turning 98.47% (193) 0% (0) 1.02% (2) 0% (0) 0.51% (1) 
U-turning 97.74% (130) 0.75% (1) 0.75% (1) 0% (0) 0.75% (1) 
Others 93.1% (81) 1.15% (1) 0% (0) 0% (0) 5.75% (5) 
* Parentheses refer to frequency  
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One of the common types of right-angle collisions is the right-angle collision between 
driving-ahead at-fault vehicles and driving-ahead not-at-fault motorcycles. It represents 
about 80.3% of crashes among driving-ahead at-fault vehicles and not-at-fault 
motorcycles. This type of crash commonly occurs when the at-fault drivers fail to ensure 
the right-of-way of conflicting stream vehicles. Motorcyclists are particularly vulnerable 
to this type of crashes as they discharge early period of green when red light running is 
likely to be higher. Right-angle collisions between driving-ahead at-fault vehicles and 
right-turning not-at-fault motorcycles represent about 15.7%. During queuing for right-
turning, motorcyclists often take position beside other vehicles from where their view to 
the conflicting stream is restricted. Moreover, vehicles from the conflicting stream may 
also not know the presence of motorcycles beside the vehicles waiting for right-turning. 
As motorcyclists have the tendency of earlier discharge with a higher acceleration rate, 
they are more likely to be collided with red runners, if any, from conflicting streams. 
 
Right-angle collisions between right-turning at-fault vehicles and driving-ahead not-at-
fault motorcycles are the most frequent right-angle collisions at intersections. It represents 
about 97.7% of collisions between right-turning at-fault vehicles and not-at-fault 
motorcycles. Right-turning vehicles often operate with the unprotected right-turn phase 
which may result in a right-of-way violation crash in which motorcycles are particularly 
vulnerable (e.g., Clarke et al., 2007; Hurt et al., 1981). A motorcycle going straight just to 
the adjacent lane of the right-turn lane may not be often seen by the right-turning driver of 
the conflicting stream as his view to this lane may be obstructed by right-turning vehicles 
(an illustration is shown in Figure 5.2). Moreover, less conspicuity of motorcycles (e.g., 
Williams and Hoffmann, 1979b), less perception of motorcycles approaching to a junction 
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(e.g., Crundall et al., 2008b), or misjudging of the speed of motorcycles approaching 
towards the junction (e.g., Caird and Hancock, 1994) may exacerbate this potential hazard 
for this type of crash involvements. Furthermore, turning movements usually increase the 
driving workload of a driver which may increase the probability of detection failure of 
oncoming motorcycles and result in an occurrence of such crash (Hancock et al., 1990). 
 
The view is obstructed due to the 
conflicting stream right-turning vehicles




Figure 5.2 A typical right-turning with the unprotected right-turn phase 
 
 
Left-turning and U-turning at-fault vehicles are also likely to collide with not-at-fault 
motorcycles those driving ahead. Since left-turn and U-turn facilities are often operated 
with a give-way movement type, the possible detection failure of motorcycles or 
misjudgment of the speed of motorcycles may impose a safety hazard to motorcyclists. 
 
Specific Causes 
All specific cause variables included in the model have been found to result statistically 
significant and fixed parameter estimates. Using the other causes (e.g., improper lane 
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changing, speeding etc.) as the reference category, indicator variables for specific cause of 
at-fault drivers like turning without due care, failing to give-way, improper lookout of 
vehicles in the traffic stream, red-light running have been found to be positively 
associated with right-angle collisions involving motorcycles and the corresponding 
increase in probabilities are respectively about 41.8%, 37.2%, 24.4%, and 44.4%. Being 
less conspicuous, motorcycles are more vulnerable at signalized intersections if drivers 
make a turn without due care or careless to lookout of vehicles in the traffic stream. Red-
light running is suppose to impose a safety hazard for all types of vehicles. This type of 
hazard is more for motorcyclists as they have a tendency to weave through the traffic and 
accumulate near the stop-line. Moreover, having a higher power-to-weight ratio, they are 
more likely to discharge earlier than other vehicle types. Their accumulations near the 





This study presents a modeling approach that can be used as a guideline to explore causal 
factors for different types of crash involvements. In this particular analysis, right-angle 
collisions at signalized intersections have been attempted to model to understand how 
variations of roadway, traffic, environmental factors, drivers’ attributes, and maneuver 
types influence the vulnerability of motorcyclists in such crashes. In order to achieve this, 
a mixed logit analysis has been proposed. This model offers methodological flexibility to 
incorporate possible randomness in the parameter estimation and thus captures individual-
specific heterogeneity that can arise from several factors like driver behavior, vehicle 
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types, traffic factors, roadway characteristics. The likelihood ratio test reveals that the 
mixed logit model provides a better fit than the standard logit model. Moreover, the 
presence of several random parameters (e.g., traffic type, indicator variable for light 
vehicle etc.) in the model estimation also justifies the appropriateness of this model.  
 
This study recognizes that the vulnerability of motorcyclists at right-angle collisions is 
influenced by a multiplicity of factors. Reduced conspicuity of motorcycles at night seems 
to pose a serious safety hazard to them at intersections. Increase in turning movements of 
other vehicles also increase the likelihood of motorcyclists being victims at right-angle 
collisions. The most common reasons of drivers for colliding with motorcycles while 
turning are (1) they not exercising due care, (2) improper lookout for motorcycles, and (3) 
failure to give way to motorcycles which clearly have the right of way. On the other hand, 
the presence of a passenger in the vehicle tends to promote better driver behavior which 
results in a lower crash potential. Red-light runners are more likely to collide with 
motorcycles at right-angle collisions at intersections and the presence of a red light camera 
appears to have a positive effect in reducing the vulnerability of motorcyclists at 
signalized intersections.  
 
Most importantly, the weaving behavior of motorcyclists has been found to expose them 
to greater vulnerability in right-angle crashes at intersections. To examine their weaving 
behaviors in greater details, a field investigation will be helpful. The next chapter presents 
a field experimental study about the maneuver behaviors of motorcyclists at signalized 
intersections. 
 
 CHAPTER SIX 





The vulnerability of motorcycles at signalized intersections is affected by their risk as well 
as their exposure. Significant risk factors associated with the motorcycle safety at 
signalized intersections have been discussed in previous two chapters. The motorcycles 
may also be subjected to a higher exposure at signalized intersections but this has not been 
well addressed and explored in most safety studies. This may be because it is generally 
difficult to estimate the exposure from field studies. 
 
A preliminary estimate of exposure from the crash data has been made using the model in 
equation 3.25. Results show that the crash exposure of motorcycles is very high at 
signalized intersections. This chapter examines if indeed motorcycles are more exposed at 
signalized intersections. This is done by conducting a detailed field study of motorcycle 
maneuvers at four signalized intersections. Before describing field experiment results in 
detail, the estimate of crash exposure is first reported, followed by a description on how 
the data are collected and analyzed to verify if motorcycles have a higher exposure at 
signalized intersections. Observed maneuver behaviors, queuing and discharging patterns 
of motorcycles, estimations of observed exposure as well as influences of several 
geometric factors on the exposure of motorcycles are discussed in consecutive sections. 
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6.2 Estimate of Crash Exposure 
 
The crash exposure or relative crash vulnerability (RCV) of different road user groups at 
signalized intersections has been estimated using the equation 3.25. Using the Traffic 
Police crash data from 1998 to 2002, the RCV estimation alongside with the vehicle 
proportion for three types of vehicles (i.e., motorcycles, light vehicles, and heavy vehicles) 
is presented in Figure 6.1. The detail of the crash data preparation will be explained in 
section 7.2 of next chapter. Results show that despite having the higher vehicle 
population, the crash exposure of light vehicles is only 41.4%. On the other hand, RCV for 
motorcycles is 49.4% which is rather surprising as it is much higher than the expected 
19%, if exposure is based on the vehicle distribution. This means that motorcycles are 






















Relative Crash Vulnerability, RCV Vehicle Population
 
 
Figure 6.1 Relative crash vulnerability at signalized intersections 
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6.3 Field Data Collection 
 
To assess the level of exposure of motorcycles at signalized intersections, field 
experiments as described in section 3.4 were conducted. To do this, four signalized 
intersections were selected and the traffic flow in each signal cycle video filmed. These 
intersections tend to have a high concentration of motorcycle usage and have different 
geometric conditions that may affect motorcycle maneuvers. As the data are to be grouped 
on a signal cycle basis, it mattered little when the observation is to be made. Nevertheless, 
to ensure a good vehicle queue during each cycle and a high proportion of motorcycles in 
the traffic, the morning period was chosen as the flow of motorcycles and other vehicles 
tend to peak together in the morning. A total of 25 signal cycles were observed at each of 
the site. Table 6.1 shows intersections’ characteristics. 
 












No. of Right 
turn lane Category* 
WL Ave2 (North) 17.6 3.6 2 Woodland  
I[WL] WL Ave2 (South) 
North-West 
19.8 3.6 2 
HM-HF 
JR Town Hall Rd 
(North) 15.1 3.6 1 Jurong  
I[JR] JR Town Hall Rd 
(South) 
South-West 
13.0 3.6 1 
MM-MF 
WL Ave9 10.3 3.6 2 Riverside  
I[RS] WL Ave2 
North-West 
10.1 3.6 2 
LM-HF 
AM Ave3 (East) 16.2 3.3 1 Ang Mokio  
I[AM] AM Ave3 (West) 
North-East 
15.4 3.3 1 
MM-LF 
* HM-HF: High motorcycle flow, high freedom; 
   MM-MF: Medium motorcycle flow, medium freedom; 
   LM-HF: Low motorcycle flow, high freedom; 
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The four intersections are taken from various locations in Singapore. All have 4 lanes for 
straight-through and right-turn movements. Woodlands (I[WL]) and Riverside (I[RS]) 
have one shared lane and one exclusive right-turn lane while Jurong (I[JR]) and Ang Mo 
Kio (I[AM]) have one exclusive right-turn lane. Woodlands (I[WL]), Jurong (I[JR]) and 
Riverside (I[RS]) have standard lane widths giving an average value of 3.6 m while Ang 
Mo Kio (I[AM]) has a narrower approach width, averaging 3.3 m per lane. The percentage 
of motorcycles using the intersections varies from about 10% to 20% with Woodlands 
having the highest percentage and Riverside with the lowest percentage. On the basis of 
the average lane width and number of right-turn lanes, the sites are categorized into high, 
medium and low degree of freedom for motorcycle maneuvers, i.e., HF, MF, and LF. 
Similarly the sites are also grouped according to high, medium and low percentage of 




The section describes results obtained from the field study of motorcycle maneuvers at 
signalized intersections. Starting with a brief description of observed motorcycle 
behaviors, the accumulation and discharging patterns of motorcycles from the approach of 
signalized intersections are explained. Finally, estimations of observed motorcycle 
exposure at different types of approaches of signalized intersections are reported. 
 
6.4.1 Observed Motorcycle Behaviors 
 
Visual observations from the video films show that motorcyclists travel at their desired 
speed to the back of the queue of the traffic. Within the vehicle queue, they weave through 
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the queue of vehicles at a reduced speed to reach as close to the stop-line as possible. This 
common behavior is also observed elsewhere (Powell, 2000). It is noted that where an 
exclusive right turn lane exists, (in Singapore, driving is on the left side of the road) 
motorcyclists will make use of the lane as a bypass if it is not fully utilized. As it is 
common for the right-turn phase to follow the straight-through phase, the straight-through 
lane will fill up first before the right-turn lane. Hence the unoccupied right-turn lane offers 
an added opportunity for motorcyclists to move to the front of the queue, including the use 
of the right-turn lane for the straight through movement. 
 
6.4.2 Motorcycle Accumulation in the Approach 
 
The accumulation of motorcycles in the first 6 meters of the approach during the red phase 
is graphically presented in Figure 6.2. Accumulation is measured as the percentage of 
motorcycles of the total vehicles queuing within the 6-meters zone from the stop-line. The 
front wheel of any vehicle crosses the imaginary line of 6-m upstream from the stop-line is 
assumed to be accumulated. To make a meaningful comparison between intersections 
which have different cycle and red times, the accumulation is observed against the 
percentage of time into the red. Figure 6.2 shows the trend lines for different 
configurations of intersection approaches.  
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Figure 6.2 Accumulation of motorcycles in the front of the queue 
 
 
Results show that in general the motorcycle accumulation increases with time into the red. 
However Ang MoKio (I[AM]) reaches a maximum accumulation percentage much earlier. 
The maximum accumulation appears to depend both on the degree of freedom for 
motorcycles to weave to the front of the queue and the percentage of motorcycles in the 
traffic. The high to medium freedom sites have final motorcycle accumulation percentages 
ranging from 53% to 71% with those having higher motorcycle proportions giving higher 
accumulation percentages (71% for HM-HF, 65% for MM-MF and 53% for LM-HF). But 
for low freedom site, though the flow of motorcycles is as high at 15.8% of all vehicles, 
the final accumulation of motorcycles is lower with only 39%. This maximum 
National University of Singapore  132 
Chapter Six: Exposure of Motorcycles 
accumulation is also reached earlier. All these show that a higher amount of motorcycles 
will concentrate near the stop line if there is sufficient opportunity to weave through the 
queue. 
 
6.4.3 Motorcycle Discharge from the Stop-line 
 
It is also likely that motorcycles will enter into the intersection earlier than other vehicle 
types since they form a higher concentration in the front of the queue. Motorcycles tend to 
accelerate from stop earlier and at a higher rate because of their higher power-to-weight 
ratio compared to other vehicles (Elliott et al., 2003). To observe the discharge behavior, 
the distribution of motorcycle flow (vehicles/second) is plotted against the initial period of 
green in Figure 6.3. For eye guidelines, smoothed scatter plots of those discharging 
profiles at different configurations of intersection arms are shown. The figure shows that 
the motorcycle flow increases rapidly within the first few seconds. In fact for the high and 
medium freedom sites, the motorcycle queues have fully discharged after about 12 
seconds. For the low freedom site, the motorcycle queue has discharged over a 
significantly longer period with a well-defined maximum value. The flow profile follows 
the typical discharge pattern of other vehicles during the green phase. 
 
The discharge profiles of motorcycles shown in Figure 6.3 imply that motorcycles are 
spatially distributed differently depending on the degree of freedom to weave through the 
queue. Where weaving is highly restricted, the pattern follows the usual flow profile of 
other vehicles as shown the solid line in Figure 6.4. Where there is greater freedom, the 
profile will follow the pattern indicated in the dashed line of Figure 6.4. A comparison of 
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the 2 curves in Figure 6.4 shows that given the freedom to weave through the queue, 
motorcycles will utilize the early portion of the green. This has a significant impact on 
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Figure 6.3 Motorcycle flow distribution after onset of green 
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Figure 6.4 Explanation of motorcycle exposure at signalized intersection 
 
 
6.4.4 Estimation of Observed Motorcycle Exposure 
 
Assuming the critical period of conflict is within the first four seconds of green, the 
observed relative exposure of motorcycles can be computed as the probability of 
motorcycles found in this initial green period. The results are plotted in Figure 6.5. For 
comparison, the probability of a motorcycle found in the traffic stream, as determined by 
the ratio of motorcycles to the total vehicles over the cycle, is plotted alongside the 
observed relative exposure. The observed relative exposure is higher among the high and 
medium freedom sites (from 0.675 to 0.755). This is marginally dependent on the 
proportion of motorcycles in the traffic stream (0.10 to 0.19) but is at a significantly 
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increased rate. On the other hand, the low freedom site gives a lower observed relative 
exposure (0.383) even though this is still higher than the proportion of motorcycles over 
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Figure 6.5 Observed motorcycle exposure at different Sites 
 
 
In all cases, the relative exposure is significantly higher than the proportion of 
motorcycles in the traffic stream. Hence even if the crash risk of motorcycles is the same 
as for other vehicles (which is not necessarily true), a higher motorcycle involvement rate 
is expected because of the high relative exposure. This finding is consistent with Presusser 
et al. (1995) who reported that motorcyclists are over-involved in collisions at signalized 
intersections, particularly when there are violations by the opposing traffic. 
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The results also indicate that the crash problem is more acute at sites where there is a 
higher degree of freedom for motorcycle weaving because of an increased observed 
relative exposure. If the motorcycles are completely restricted from weaving through the 
queue, i.e., they will queue just like any other vehicles, the observed relative exposure 
would be the probability of motorcycles found in the traffic. Hence for high and medium 
freedom sites, the observed relative exposure has increased by about 0.56 while for the 




From the results it is clear that motorcyclists tend to accumulate in the front of the queue 
for earlier access to the intersection, but this behavior leads them to be highly exposed to 
red-light runners from the conflicting stream. It would be useful if the influential factors, 
i.e., those affecting the accumulation of motorcycles, can be analyzed systematically. 
 
The relationship between the number of motorcycles accumulated in the first 6 meters of 
the approach and motorcycle flow is established for each of the site and presented in 
Figure 6.6. For every site each data point in this figure represents the average number of 
accumulated motorcycles grouped at intervals of 5 veh/hr motorcycle flows. The 
relationship for each of the site is found to be highly correlated (R2 ranging from 0.49 to 
0.77). The regressed line for each of the intersections demonstrates the effect of 
motorcycle flow and geometry (governed by the lane width and the number of right-turn 
lane). 
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From Figure 6.6, it can be seen that generally, the accumulation of motorcycles is found to 
increase with the motorcycle flow.  A higher accumulation is found in the 3 sites (I[WL], 
I[JR] and I[RS]) which correspond to the cases where the average lane width is 3.6m. In 
contrast, the site with a narrower average lane width (3.3m) experiences a lower 
accumulation value. The sites with wider lanes also experience a higher rate of 
accumulation. This is reasonable as there is a higher opportunity for motorcycles to move 
to the front of the queue if the lanes are wider. Notice also, that the number of right-turn 
lane appears to affect the rate of increase in the accumulation, i.e., I[JR] and I[AM] have 
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Figure 6.6 Frequency of motorcycles in the front of the queue as a function of 
motorcycle flow for different sites 
 
 
National University of Singapore  138 
Chapter Six: Exposure of Motorcycles 
A similar graph of accumulation of motorcycles is plotted against the percentage of heavy 
vehicles in the traffic stream in Figure 6.7. For the purpose of examining the trend, the 
accumulation data are grouped at intervals of 2% of heavy vehicles. The effect of heavy 
vehicles on motorcycle accumulation can be observed by the slopes of the regressed lines 
in Figure 6.7. Generally the accumulation of motorcycles decreases with increasing 
percentage of heavy vehicles. For the sites with high and medium freedom of motorcycle 
weaving (i.e., I[WL], I[JR] and I[RS]), the slopes are almost similar and gentler than that 
of the site with low freedom of weaving (i.e., I[AM]). The findings reflect the restriction 
on motorcycles to move to the front of the queue as well as the reluctance of motorcyclists 
to pass or queue alongside the heavy vehicles. The effect of lane width intensifies this 
phenomenon resulting in a steeper reduction in accumulation with increased presence of 
heavy vehicles. 
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This chapter attempts to examine the exposure of motorcycles at signalized intersections. 
To achieve this, motorcycle movements at four selected signalized intersections were 
observed. Using the phase-change period as a measure of opportunity for potential 
conflicts between opposing traffic and the accumulation of vehicles during the red phase 
and the discharge of vehicles during the initial period of green as measures of exposure, 
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the study shows that motorcycles are more exposed at signalized intersections compared 
to other vehicles. 
 
The increased exposure may be due to a number of factors. The tendency of motorcycles 
to move to the front of the queue increases the likelihood of a higher motorcycle discharge 
during the initial period of green. Furthermore, the ability of motorcycles to accelerate 
faster and easier makes them more prone to be involved in crashes during the initial period 
of green. Wider lanes and the provision of right-turn lanes will enable motorcycles to 
weave more easily to the front of the queue and hence increases the level of exposure. The 
presence of heavy vehicles in the traffic stream has a restricting effect on motorcycle 
weaving maneuver and hence exposure and this effect is even more acute when the lanes 
are narrower. 
 
Crash statistics shows that about 66% of the crash-involved motorcycles at signalized 
intersections are involved in the right-angled crashes. From the point of right-angled 
crashes at signalized intersections, restricting motorcycle accumulation during the red 
phase may be an effective way of reducing motorcycle exposure to crashes. This may lead 
to a reduction in motorcycle right-angled crash involvement. However, this may be very 
difficult to implement. More innovative research could be conducted to find a way to stop 
their accumulation in front of the queue at signalized intersections. 
 
The weaving behavior of motorcyclists increases their likelihood of colliding with 
vehicles from conflicting streams. Hence it refutes the assumption of ‘randomness of not-
at-fault victims’ in the quasi-induced exposure technique. This is particularly true, as 
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indicated in this study, for right-angle crashes at signalized intersections. Therefore the 
quasi-induced exposure technique should be applied carefully in case of mixed traffic 
operations including motorcycles. Keeping this point in mind, the exposure and propensity 
estimation techniques had been attempted to modify as derived in section 3.3. Those 
models are used to measure the effectiveness of red light cameras in curbing right-angle 
crashes involving motorcycles at signalized intersections. The estimations are reported and 
discussed in the next chapter. 
 
 CHAPTER SEVEN 





As shown in the previous chapter, motorcycles are over exposed at signalized intersections 
because they tend to accumulate near the stop-line during the red phase and leading to an 
earlier discharge during the green phase. Wider lanes and the provision of right-turn lanes, 
both offering more weaving opportunities for motorcyclists to accumulate at the front of 
the queue, increase the exposure of motorcyclists particularly when in conflict with red 
light running vehicles from the opposing stream. This may result in a high occurrence of 
right-angle collisions. On the other hand, Koh and Wong (2007) have reported that 
motorcycle riders are more likely to deliberate red-running which may also lead them to 
involve in right-angle collisions. 
 
Red-light cameras (RLC) have been commonly used to deter red-running in an attempt to 
reduce the number of right-angle collisions. A number of researchers (e.g., Chin, 1989; 
Datta et al., 2000; Huang et al., 2006; Lum and Wong, 2003b; Retting et al., 2008) have 
evaluated the effect of RLC enforcement on the propensity of the red light running and 
concluded that RLCs are very effective in curbing red-light violations at signalized 
intersections. Similarly others (e.g., Erke, in press; Persaud et al., 2005; Shin and 
Washington, 2007) have evaluated the RLC enforcement by before-and-after 
observational analyses or cross-sectional evaluation on crash frequencies. RLCs have been 
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found to be an effective tool in reducing right-angle collisions (e.g., Erke, in press; Huang 
et al., 2006; Ng et al., 1997; Persaud et al., 2005; Shin and Washington, 2007). However, 
critics also claim that the RLC enforcement often leads to an increase in rear-end 
collisions (e.g., Obeng and Burkey, 2008; Persaud et al., 2005; Shin and Washington, 
2007). 
 
Previous studies on the effectiveness of RLCs have been mainly concerned with all 
vehicle crashes. However, comparatively a few studies have been found about the impact 
of RLCs on motorcycle safety. Modeling results of the motorcycle crash occurrence 
process and right-angle crash vulnerability analyses of this thesis have showed that RLCs 
are very effective in improving motorcycle safety. Hence it would be interesting and 
useful to investigate how RLCs work to improve motorcycle safety. To achieve a more in-
depth understanding on the effectiveness of RLCs on motorcycles safety, a comparison 
should be made about the effect of RLCs on different vehicle types. Without addressing 
issue of the effect of RLCs on different road user groups, the benefit of RLCs may not be 
justified properly. 
 
The objective of this chapter is to evaluate the effectiveness of RLCs in motorcycle safety. 
This is done by further examining the right-angle crashes as well as studying maneuver 
behaviors of motorcyclists. More specifically, this chapter seeks to examine right-angle 
collisions by comparing the exposure as well as the proneness of at-fault crashes of 
motorcycles with other vehicle types at RLC and non-RLC sites. To determine if the 
vulnerability of motorcycles at right-angle collisions is reduced in the presence of RLCs, 
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an in-depth field study on motorcycle maneuvers at four signalized intersections was 
conducted.  
 
Using the exposure and crash-proneness models developed in section 3.3, the 
effectiveness of RLCs on different road user groups has been evaluated. In the following 
section, a description on how the data are collected and analyzed to measure the crash-
involved exposure of different vehicle types at signalized intersections is presented. This 
is followed by a description of the field study of motorcycle maneuvers. The field study 
mainly includes accumulation and discharging behaviors of motorcycle at RLC and non-
RLC sites. Finally, in developing a more holistic picture of the effect of RLCs on 
motorcycle safety, a discussion comparing the proneness of at-fault crash involvements at 
right-angle collisions of different vehicle types and the probability of right-angle collisions 
with motorcycles with or without RLCs is presented. 
 
7.2 Preparation of Dataset 
 
In estimating the crash vulnerability and at-fault crash proneness of different road user 
groups, the issue of fault assignment for their crash-involvements is very important. In 
order to achieve clean crash records, the dataset preparation follows the same procedure as 
described in section 5.2. 
 
For this analysis, the Singapore crash data maintained by the Singapore traffic police from 
1998 to 2002 have been used.  During this 5-year period, there were 8,880 two-vehicle 
crashes at signalized intersections of which about 74.9% crashes were right-angle 
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collisions. To simplify the assignment of fault in a crash, the analysis is restricted to two-
vehicle collisions at signalized intersections. Moreover, to get “clean” crash records the 
following crashes have been eliminated: hit-and-run crashes, crash-involved drivers 
received any citation (e.g., intoxicated due to alcohol or drug, phone using etc.), missing 
information on fault assignment, vehicle type, and/or presence of red light camera. 
Following this data filtering, clean two-vehicle crashes comprise about 97% of total such 
crashes at signalized intersections. For the comparison purpose, vehicles are classified into 
three categories: motorcycles including scooters, light vehicles including passenger cars, 
pick-up trucks and vans, and heavy vehicles such as buses, lorries, container trucks and 
trailers. 
 
7.3 Vulnerability at Right-angle Collisions 
 
This section describes the right-angle crash vulnerability of motorcyclists and the effect of 
RLCs on their vulnerability. The crash analyses and details of the field experiment are 
explained in subsequent subsections.  
 
7.3.1 Right-angle Crash Vulnerability 
 
The effects of different vehicle types on the right-angle crash vulnerability have been 
found to be statistically significant (Chi-square = 571.8, p-value <0.001). According to 
equation 3.25, the estimated results of relative crash vulnerability (RCV) at right-angle 
collisions of different vehicle types are plotted alongside with the vehicle proportion in 
Figure 7.1. Results show that motorcycles experience the highest crash vulnerability (RCV 
= 0.522) at right-angle collisions at intersections though their share in the vehicle 
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population is only about 19%. This excess crash-involved exposure of motorcycles at 
right-angle collisions may be due to their higher accumulation in the front of the traffic 
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Figure 7.1 Relative Crash Vulnerability at right-angle crashes 
 
 
The next step is to examine the effect of RLCs on the vulnerability of motorcycles at 
right-angle collisions. The interaction between RLCs and vehicle types on the crash 
vulnerability at right-angle collisions has also been found to be significant (Chi-square = 
27.9, p-value < 0.001). The RCV estimation on right-angle crashes for different vehicle 
types with the effect of RLCs is presented in Figure 7.2. The results clearly show that the 
crash vulnerability or crash-involved exposure of motorcycles at right-angle collisions is 
significantly reduced from non-RLC sites with RCV = 0.532 to RLC sites with RCV = 
0.414. 
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To explain the influence of RLCs on the exposure of motorcycles, consider a typical 
signalized intersection shown in Figure 7.3. Suppose that the subject arm A is equipped 
with a RLC so that red light violations will reduce at arm A. This will reduce the not-at-
fault crashes for motorcycles from arm B. While the RLC are expected to reduce not-at-
fault crash involvements of all vehicles, the effect is likely to be higher for motorcycles as 
they mostly discharge in the early period of green. Furthermore, the presence of the RLC 
may also cause motorcycles to be more restrained discharging from the queue during the 
green. To confirm this, a field study is conducted, as described in the following section. 
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Figure 7.3 A typical signalized intersection with a red light camera 
 
 
7.3.2 Field Data for Assessing the Effect of RLCs 
 
The method of the field study is described in section 3.4 of the methodology chapter. To 
assess the exposure of motorcycles, four arms from different signalized intersections with 
high motorcycle usage were video filmed and the traffic flows in each signal cycle 
studied. The percentage of motorcycles using those roads varied from 10% to 18%. The 
geometric characteristics of the selected arms of study are generally similar. The 
characteristics of these arms are shown in Table 7.1. Of the four arms, two are equipped 
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As described in section 3.4, vehicles accumulated beyond 6m upstream from the stop-line 
of an arm and discharging within the first few seconds of green are sampled. As data are 
grouped by signal cycles, it mattered little when the observation is made. Nevertheless, to 
ensure a good vehicle queue in each cycle and a high proportion of motorcycles in the 
traffic, the morning period was chosen. A total of 25 signal cycles were observed at each 
of the site. 
 
7.3.3 Observed Behaviors 
 
Visual observations from the video films show that during the red phase, motorcycles 
weave through the traffic queue at a reduced speed to reach the stop-line. In the presence 
of an exclusive right-turn lane, motorcyclists also use that lane as a bypass if it is not fully 
utilized. In general, the straight-through lane fills up before the right-turn lane is full. At 
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arms where there is no RLC, motorcyclists usually move ahead of the traffic queue and 
stop beyond the stop-line to allow them to start ahead of other vehicles at the onset of 
green. However in the presence of a RLC, they are found to restrain queuing beyond the 








7.3.4 Accumulation in the Front of the Queue 
 
The accumulation of motorcycles (measured as the percentage of motorcycles to total 
vehicles beyond the 6-m upstream from the stop-line) at the different sites is observed 
against the percentage of time into the red period. The trend lines for intersection arms 
with and without RLC are shown in Figure 7.5. The front wheel of any vehicle crosses the 
imaginary line of 6-m upstream from the stop-line is assumed to be accumulated. Results 
show that the accumulation grew steadily but reached a higher maximum at non-RLC sites 
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(69%) than at RLC sites (51%). The higher accumulation at non-RLC sites is achieved 
because motorcycles queue beyond the stop line not only increasing the queuing space for 
motorcyclists but also increasing the number of motorcycles at the head of the queue. The 
higher concentration of motorcycles at the head of the queue will increase the exposure of 
motorcycles to vehicles in the conflicting stream. On the other hand, the RLC has reduced 
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Figure 7.5 Accumulation of motorcycles in the front of the queue of intersection arms 
with and without RLCs 
 
 
7.3.4 Observed Motorcycle Exposure 
 
Figure 7.6 shows the discharge pattern of motorcycles (plotted as the ratio of queued 
motorcycles entering the intersection) during the initial period of the green at the non-RLC 
and RLC sites. The observed exposure of motorcycles at each second of green refers to the 
ratio of the number of motorcycles entering to the intersection in a specific time to the 
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total number of queued motorcycles. For eye guidelines, smoothed scatter plots of 
exposure profiles of motorcycles at intersection arms with and without RLCs are shown in 
Figure 7.6. It is obvious that a majority of the motorcycles enter the intersection during the 
first few seconds of the green and this is largely to do with the motorcycles having a 
higher power-to-weight ratio and hence acceleration capability (Elliott et al., 2003). 
During this initial period, motorcycles are more critically exposed to red-runners from the 
opposing arm as most of the red light running instance take place during the early period 
of red (e.g., Huang et al., 2006; Retting and Williams, 1996; Zimmerman and Bonneson, 
2005). The RLC appears to have restrained the discharge of motorcycles resulting in a 







0 2 4 6 8





















Chapter Seven: Effects of Red Light Cameras 
Specifically, for the sites investigated, motorcycles at RLC sites compared to non-RLC 
sites have a lower exposure by about 10% during the first second of green and 13% in the 
first 2.5 seconds of green. This restraint is a result of two phenomena. First, at RLC sites, 
motorcyclists were less willing to queue beyond the stop line thereby reducing the number 
of motorcycles discharging ahead of other vehicles. Second, the motorcyclists were also 
less likely to jump start prior to gaining the right of way. 
 
7.4 Proneness of At-fault Right-angle Collisions 
 
From the results of both RCV model and the field study, it is clear that RLCs are effective 
in reducing the vulnerability of motorcycles at right-angle collisions. However 
motorcycles may also be involved at right-angle collisions as the responsible or at-fault 
parties. Hence it would be worthy to study the proneness of different vehicle types in 
involving at right-angle collisions as the at-fault party at signalized intersections. 
 
Using the relative crash proneness (RCP) model in equation 3.26, the at-fault crash 
proneness of different vehicle types at right-angle collisions can be determined. The Chi-
square test has been used to test the significance of vehicle types on the at-fault crash 
proneness of right-angle crashes. The results as shown in Figure 7.7 are significant (Chi-
square = 571.8, p-value < 0.001). Among the different types of vehicles, motorcycles have 
one of the lowest RCP (=0.191) values indicating that motorcycles are one of the least 
likely parties to cause right-angle crashes. On the other hand, light vehicles have a RCP 
value of 0.690 while heavy vehicles have a value of 0.119. Hence, compared to 
motorcycles, light vehicles are about 3.6 times higher prone to cause right-angle collisions 
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at signalized intersections. It is noteworthy to mention that the RCP values of different 

































The proneness of light and heavy vehicles to collide with not-at-fault motorcycles at right-
angle crashes can be examined by analyzing such crashes involving two vehicles using the 
contingency table analysis. As presented in Table 7.2, both light (Chi-square = 546.7, p-
value <0.001) and heavy vehicles (Chi-square = 219.6, p-value <0.001) are found to be the 
responsible parties in collisions with not-at-fault motorcycles. Light and heavy vehicles 
are respectively about 8.4 and 5.9 times more likely than motorcycles to collide with an 
exposed motorcycle at right-angle collisions. This may be due to several reasons, e.g., 
these vehicles may be running the red or they do not see the motorcycles well or they may 
be less able to judge the motorcycle entry speeds. Hence any measure to curb the 
propensity of these vehicles, for example, installation of RLCs, may enhance motorcycle 
safety at signalized intersections. 
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Table 7.2 Two-vehicle right-angle crash analysis 
 
Is not-at-fault vehicle a 
motorcycle? At-fault  Vehicle Types Yes No 
Odds Ratio Chi-square p-value 
Motorcycle 124 694 Reference   
Light Vehicle 2373 1581 8.40 546.68 <0.001 
Heavy Vehicle 335 320 5.86 219.59 <0.001 
 
 
The effect of RLCs on the at-fault crash proneness of different vehicle types in right-angle 
collisions is evaluated using the contingency table analysis and presented in Table 7.3. 
Using the log-linear analysis, the interaction between vehicle types and the presence of 
RLCs is found to be significant (log-likelihood ratio = 639.6, p-value <0.001). Clearly the 
odds of colliding with a not-at-fault motorcycle are higher for both light and heavy 
vehicles at non-RLC sites than RLC sites. For light vehicles, the odds ratio of at-fault 
right-angle collisions to collide with not-at-fault motorcycles is 9.14 for non-RLC sites 
while the corresponding odds ratio for RLC sites is only 4.03. For heavy vehicles, the 
likelihood of collisions with not-at-fault motorcycles at RLC sites is not found to be 
significantly different from that of at-fault motorcycles. However, the corresponding odds 
ratios for at-fault heavy vehicles are found to be lowered by about 63% from non-RLC 
sites to RLC sites. Hence, the use of RLCs is an effective measure to reduce not only the 
exposure of motorcycles as discussed in the previous section, but also the at-fault crash 
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Table 7.3 Two-vehicle right-angle crash analysis with the effect of RLCs 
 
 




Vehicle Types Yes No 
Odds Ratio Chi-square p-value 
Motorcycle 107 618 Reference   
Light Vehicle 2201 1390 9.14 525.01 <0.001 
Non-RLC 
Sites 
Heavy Vehicle 324 299 6.26 213.73 <0.001 
Motorcycle 17 76 Reference   
Light Vehicle 172 191 4.03 25.84 <0.001 RLC Sites 
Heavy Vehicle 11 21 2.34 3.55 0.060 
 
7.5 Probability of Potential Right-angle Collisions 
 
The probability of potential right-angle collisions involving motorcycles can be 
investigated by considering the likelihood of red running and the exposure of motorcycles 
to these red runners. Using a fitted multinomial logit model of observed Singapore driver 
behavior during the phase change period, Huang et al. (2006) have derived the probability 
of red running for both RLC and non-RLC arms. Specifically, they have categorized every 
driver, approaching to the junction during the amber period, to be any of these three 
categories: would-be red runners or would-be non-red runners if he or she has decided to 
cross the junction during amber; otherwise stopped group.  The would-be red runners were 
those whose estimated time to stop-line at onset of amber is greater than amber duration 
while would-be non-red runners were those whose corresponding time is less than amber 
duration. A variety of geometric (e.g., intersection width), traffic (e.g., cycle time, 
presence of RLC) and situational variables (e.g., approach speed) have been used to 
calibrate the multinomial logit model. Based on the calibrated model, the probability of 
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would-be red runners, i.e., red-running probabilities for both RLC and non-RLC arms 
have been estimated at different time periods (See Figure 7.8). 
 
Amber Time Red Time
Time (Seconds)
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Figure 7.8 Probability of red-light running (Source Huang et al., 2006) 
 
 
Based on the results of red running probabilities of Huang et al. (2006) and the exposure 
profile in Figure 7.6, the probability of a potential right-angle collision for a given 
instance of an exposed motorcycle can be estimated. The smoothed scatter plots for the 
probability of potential right-angle collisions at different configurations of RLCs are 
shown in Figure 7.9. The probability of a potential right-angle collision at each second of 
green is the product of red running probability and exposure of motorcycles at that time. It 
is worth mentioning that probabilities of potential right-angle collisions are only useful to 
compare for the different configuration of RLCs at interacting arms of a signalized 
intersection. Four configurations are investigated: both interacting arms are without RLCs, 
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only the subject arm is installed with a RLC, only the conflicting arm is installed with a 
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Figure 7.9 shows that for all configurations, the probability of potential right-angle 
collisions decreases with time into the green period. Clearly the collision probability is 
higher when none of the interacting arms are installed with a RLC. The collision 
probability is lower when a RLC is installed on the subject arm and this is because a lower 
motorcycle exposure. However, beyond about 4 seconds into the green, the collision 
probability is slightly higher than in the case when no RLC is installed in either arm. This 
is a result of a redistribution of the motorcycle exposure during the initial green period as 
shown in Figure 7.6. 
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When there is a RLC on the conflicting arm, the collision probability is lower than in the 
case of a RLC on the subject arm. This is the case because the reduction in propensity due 
to the RLC in the conflicting arm has a greater effect than the reduced motorcycle 
exposure on the subject arm when a RLC is installed. When both arms are installed with 
RLCs, there is a combined effect of reduced motorcycle exposure in the subject arm and 
reduced propensity of red-running in the conflicting arm. The result is a greater drop in the 




This study investigates the effectiveness of RLCs in reducing right-angle collisions 
involving motorcycles. This is done by comparing the exposure and at-fault crash 
proneness of motorcycles with other vehicle types in right-angle interactions.  
 
The study shows that motorcycles experience a higher exposure than other vehicles at 
right-angle collisions because of the tendency of motorcycles to queue in front of other 
vehicles and even beyond the stop line as well as to discharge earlier than other vehicles at 
the onset of green. However this exposure is reduced on the arm where a RLC is installed 
because motorcyclists are more restrained in both queuing beyond the stop line and 
discharging early.  
 
The at-fault crash proneness of motorcycles at right-angle collisions is found to be lower 
than that of other vehicle types. Everything else being equal, motorcycles are therefore 
more likely to be victims than the offending parties in right-angle crashes. Also, light and 
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heavy vehicles are more likely than motorcycles to be responsible in right-angle crashes 
with motorcycles from the interacting arm. The study shows that RLCs are effective in 
reducing the proneness of at-fault right-angle crash involvements of light and heavy 
vehicles and hence the vulnerability of motorcyclists in right-angle collisions. 
 
The probability of potential right-angle collisions is reduced when RLCs are installed in 
any or both of the interacting arms. The combined effect of reduced motorcycle exposure 
on the subject arm and the reduced propensity of light and heavy vehicles on the 
conflicting arm due to the RLCs should make motorcycles less vulnerable to right-angle 
collisions. 
 
 CHAPTER EIGHT 
CONCLUSIONS AND RECOMMENDATIONS 
 
 
8.1 Conclusions and Research Contributions 
 
Fatalities and injuries among motorcyclists are one of the important safety concerns in 
many countries. Motorcyclists are particularly vulnerable at signalized intersections. The 
purpose of this study was to conduct an in-depth investigation of hazards of motorcycles 
at signalized intersections so that targeted countermeasures can be developed to improve 
motorcycle safety. To achieve the goal of this study motorcycle crash occurrence, right-
angle crash vulnerability of motorcyclists, and their maneuver behaviors at signalized 
intersections have been studied explicitly.  
 
Motorcycle crash occurrences at signalized intersections have been modeled by Bayesian 
hierarchical models with an explicit consideration for the possible autocorrelation in the 
crash data structure. Right-angle crash vulnerability of motorcyclists has been studied by 
formulating an innovative discrete choice category for modeling in the mixed logit model. 
Maneuver behaviors of motorcyclists are studied by observing traffic flows at signalized 
intersections. Throughout the analyses, various geometric, traffic, regulatory and control 
characteristics as well as driver/rider, vehicle attributes have been considered to identify 
significant factors affecting motorcycle safety. This chapter summarizes the results of 
analyses, highlights significant findings, discusses implications of this study, and finally 
shows directions of future researches. 
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8.1.1 Motorcycle Crash Occurrences 
 
Motorcycle crash occurrences have been studied to identify causal factors affecting 
motorcycle crashes at signalized intersections. Specifically, it has been aimed to establish 
a more robust statistical relationship correlating motorcycle crash frequencies with 
intersection geometries, traffic, regulatory and control characteristics. Treating the data in 
time-series cross-section panels, this analysis has explored different hierarchical Poisson 
models in Bayesian frameworks. For crash occurrence modeling in Bayesian framework, 
an improvement has been made by allowing the autoregressive lag-1 (AR-1) dependence 
specification in the errors to assess the possible autocorrelation or serial correlation. 
Modeling results show that the hierarchical Poisson (AR-1) model is superior in modeling 
motorcycle crashes both at four-legged and T signalized intersections. This model can 
further be applied for hot spots or black spots identifications in full Bayesian frameworks. 
 
Signalized intersections, being locations where there are many instances of speed 
differential between vehicles and conflicts between directional movements. While the 
severity of motorcycle problem may also be affected by the vulnerability of motorcycles, 
the analysis shows that there are a number of site-related factors which are linked to high 
motorcycle crash potential. The presence of red light cameras reduces motorcycle crashes 
significantly for both four-legged and T intersections. Higher imposed speed limits also 
affect motorcycle crashes at signalized intersections; increasing crashes for higher speed 
limit at major roadway of four-legged intersections but at minor roadway for T 
intersections. The presence of a wide median at major roadway of four-legged 
intersections has a positive association with high motorcycle crashes. 
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The number of lanes and presence of turning lanes have been found to affect motorcycle 
crashes for both types of intersections. The number of lanes is mainly found to have a 
significant influence on motorcycle crashes for four-legged intersections while the 
presence of turning lanes mainly influence crashes at T intersections. Four-legged 
intersections with more lanes at both major and minor roadways are linked to higher 
motorcycle crashes. However, higher number of lanes at minor roadways, i.e. turning 
lanes, of T signalized intersections is associated with higher motorcycle crashes. The 
presence of uncontrolled left-turn lane at the major roadway of both four-legged and T 
signalized intersections is associated with high motorcycle crashes. For T intersections, 
exclusive right-turn lanes on both major and minor roadways increase motorcycle crashes 
significantly. Interpretations of significant variables indicate that motorcycles are more 
likely to be involved in right-angle crashes at both type of intersections. 
 
8.1.2 Right-angle crash vulnerability 
 
One of the prevailing types of motorcycle crashes at signalized intersections is right-angle 
crashes. In particular, motorcyclists are more vulnerable to right-angle crashes at 
signalized intersections. Hence an attempt has been made to examine how variations in 
roadway characteristics, environmental factors, traffic factors, maneuver types, human 
factors as well as driver demographics influence the right-angle crash vulnerability of 
motorcycles at signalized intersections. This is carried out by developing a mixed logit 
model with an innovative choice set formulation to differentiate how an at-fault vehicle 
collides with a not-at-fault motorcycle in comparison with other vehicle types. Modeling 
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vulnerability of motorcyclists is a new modeling technique in the traffic safety research 
and has been conducted in this study for the first time. 
 
Theoretically, the application of the mixed logit model in estimating safety may be more 
appropriate than the standard logit model. This is because the mixed logit formulation 
allows randomness in parameter estimations and hence takes into account the underlying 
heterogeneities potentially inherent in driver behavior, and other unobserved variables. 
Using Singapore crash data for modeling the vulnerability of motorcyclists at signalized 
intersections, the computed likelihood ratio reveals that the mixed logit model is indeed 
statistically better than the standard logit model. Moreover, the presence of several 
random parameters in the model estimation also ensures the credibility of this model. 
 
The right-angle crash vulnerability of motorcyclists at intersections has been found to be 
associated with multiplicity of factors.  Night time riding shows a positive association 
with the vulnerability of motorcyclists. Motorcyclists are particularly vulnerable on single 
lane roads, and on the median lane of multi-lane roads relative to centre lanes. They are 
also more likely to be victims of right-angle crashes on one-way and two-way traffic type 
relative to dual carriageway. Drivers motive to deliberate red light running as well as their 
carelessness to motorcyclists especially during making turns at intersections increase the 
vulnerability of motorcyclists. Drivers’ risky behaviors seem to be restrained with the 
presence of a passenger and this has also decreased the crash potential with motorcyclists. 
The presence of red light cameras significantly decreases right-angle crash vulnerabilities 
of motorcyclists. 
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8.1.3 Exposure Problems 
 
Preliminary crash investigations show that the relative crash vulnerability or crash 
exposure of motorcycles at signalized intersections is the highest among different vehicle 
types even though their share in vehicle population is only 19%. This particular study 
seeks to examine in greater details, the problem of motorcycle exposure at signalized 
intersections. In particular, the exposure arising from potential crashes with red light 
running vehicles from the conflicting stream at signalized intersections is investigated. 
This is done by critically examining motorcycle maneuver behaviors at signalized 
intersection arms. 
 
The results show that motorcycles are more exposed because they tend to accumulate near 
the stop-line during the red phase to facilitate an earlier discharge during the initial period 
of the green which is the more vulnerable period. At sites where there are more weaving 
opportunities because the lanes are wider or where there are exclusive right-turn lanes, the 
accumulation is higher and hence an increased exposure is observed. The analysis also 
shows that the presence of heavy vehicles tends to decrease motorcycle exposure as their 
weaving opportunities become restricted as well as there is a greater reluctance for them to 
weave past or queue alongside the heavy vehicles and their effects intensify for narrower 
lane width. 
 
Since motorcyclists are over-exposed at signalized intersections, they are more likely to be 
collided as victims of a right-angle crash. This new finding denies the randomness of not-
at-fault victim assumption of the quasi-induced exposure technique for mixed traffic 
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operations including motorcycles, especially at signalized intersections. Motivated from 
this, the quasi-induced exposure equations are modified and applied to evaluate the 
effectiveness of red light cameras in greater details for reducing right-angle crash 
vulnerability of motorcyclists. 
 
8.1.4 Effects of Red Light Cameras 
 
Red light cameras (RLC) had been used to reduce right-angle collisions at signalized 
intersections. However, the effect of RLCs on motorcycle crashes has not been well 
investigated. The analyses of the motorcycle crash occurrence process and the right-angle 
crash vulnerability have indicated that RLCs are effective in improving motorcycle safety. 
This particular investigation examines in greater details the effectiveness of RLCs on 
motorcycle safety. This is done by comparing their exposure, proneness of at-fault right-
angle crashes as well as the resulting right-angle collisions at RLC with those at non-RLC 
sites.  
 
Estimating the crash vulnerability from not-at-fault crash involvements, the study shows 
that with a RLC, the relative crash vulnerability or crash-involved exposure of 
motorcycles at right-angle crashes is reduced. Furthermore, field investigation of 
motorcycle maneuvers reveal that at non-RLC arms, motorcyclists usually queue beyond 
the stop-line, facilitating an earlier discharge and hence become more exposed to the 
conflicting stream. However at arms with a RLC, motorcyclists are more restrained to 
avoid activating the RLC and hence become less exposed to conflicting traffic during the 
initial period of the green. This interesting finding adds a new dimension on the 
National University of Singapore  167 
Chapter Eight: Conclusions and Recommendations 
effectiveness of red light cameras to improve safety. The investigation also reveals that in 
right-angle collisions, the proneness of at-fault crashes of motorcycles is lowest among all 
vehicle types. Hence motorcycles are more likely to be victims than the responsible parties 
in right-angle crashes. RLCs have also been found to be very effective in reducing at-fault 
crash involvements of other vehicle types which may implicate exposed motorcycles in 
the conflicting stream. Taking all these into account, the presence of RLCs should 




This study has identified several significant factors influencing the safety of motorcyclists 
at signalized intersections. These findings will be helpful in designing corrective programs 
related to traffic enforcement, driver/rider education, training etc. Moreover, the findings 
may also be helpful to develop safety campaign or awareness programs to make aware of 
riders about potential dangerous situations. 
 
It has been found that the vulnerability of motorcyclists increases at night due to their 
reduced conspicuity. A good follow up corrective program is to encourage motorcyclists 
to increase their visibility by wearing reflective clothes and using illuminated headlight. 
Using different retro reflective markings in the motorcycles and helmets may also increase 
their visibility at night. In Singapore, mandatory usage of headlight of motorcycles during 
the daytime has been implemented since November 1995 and maintained due to a tough 
enforcement of laws. The similar enforcement of laws is also true for mandatory helmet 
use of riders and pillion passengers throughout their trip. However, there is no legislation 
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for using reflective clothing or retro reflective signs in motorcycles and helmets. Hence 
introducing some form of legislation on the use of reflective markers and clothing may be 
helpful to reduce the vulnerability of motorcyclists. 
 
Red light cameras at intersections have been found to be effective in reducing the 
vulnerability of motorcyclists. The study highlights that motorcyclists are more likely to 
be not-at-fault in right-angle crashes at intersections. Hence as a vulnerable group, they 
should be accorded higher priority for the safety improvements which, as indicated in this 
study, can be achieved with the installation of red light cameras. Therefore the road 
authority should consider installing red light cameras at sites with high motorcycle traffic. 
Moreover, the cost benefit analysis for installing red light cameras should take into 
account specific input of motorcycle crashes. 
 
The findings of this study indicate that the weaving behavior of motorcyclists increases 
their hazards at intersections. Hence, rider education and training programs should include 
education on correct movement and queuing at intersections. Currently at riding schools, 
there are very limited lessons on queuing at junctions during preparing the motorcyclists 
to be eligible to ride in roads. This may be because it is very difficult to expose the 
trainees in different traffic situations during practicing in the road traffic environment. 
This difficulty can be overcome by using riding simulators in the training centers to 
demonstrate the proper movement and queuing at intersections. Moreover, an awareness 
program can be developed to raise awareness among motorcyclists for proper queuing at 
junctions. 
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This study also shows that several turning movements at intersections are the potential 
source for collisions, especially right-angle collisions involving not-at-fault motorcycles. 
The most prevailing crash type is right-angle collisions between right-turning vehicles and 
straight-going motorcycles perhaps during the operation of unprotected right-turn phase. 
The provision of protected right-turn phases at sites with high motorcycle traffic may be 
an effective intervention for this. In Singapore, a substantial portion of signalized 
intersections are actuated traffic control intersections. Hence equipping them with a smart 
system that will assign protected right-turn phases in the presence of high-motorcycle 
traffic may be a cost-effective countermeasure. In recent years, the Land Transport 
Authority (LTA) of Singapore has installed some electronic regulatory signs (ERS) at 
some locations. These ERS are light emitting diode traffic signs which are switched on 
only at specific time periods. The placement of ERS can be more targeted to implement in 
areas with high motorcycle traffic and crashes. For example, ERS can be used to stop 
permitted green phases in problem areas with high motorcycle traffic and thus may 
improve motorcycle safety significantly. 
 
Another potential countermeasure is perhaps the use of electronic message signs (EMS) to 
warn or aware drivers about the high presence of motorcycles at sites with high 
motorcycle traffic. It is reasonable to expect that temporary or variable messages will 
attract driver’s attention more effectively than fixed message signs. Since most of the 
signalized intersections in Singapore are equipped with loop detector for volume counts, a 
system synchronizing the motorcycle volume data and EMS would be a feasible and cost-
effective countermeasure. 
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Training or safety awareness programs may also be designed to deal with issues regarding 
turning conflicts between vehicles and motorcycles. Driving simulators in the driving 
centers may simulate several conflicting situations with motorcycles which may help 
trainee drivers to make them well prepare to react properly at those hazardous situations. 
An awareness program with the video clips from a motorcyclist’s perspective may 
increase the awareness among drivers about the hazards and difficulties that motorcyclists’ 
face from an unobservant driver. On the other hand, motorcyclists should be taught to take 
proper positions during approaching towards an intersection so that they can see all 
possible hazards of conflicting streams as well as remain visible to conflicting stream 
vehicles, especially to turning vehicles. In case of any obstructed view, motorcyclists 
should be trained and highly encouraged to proceed slowly towards the intersection even 
though they have the right-of-way. A practice of flashing high beams of motorcycles 
during approaching towards a junction may also be helpful to aware drivers of the 
conflicting stream about the presence of motorcycles, especially at night. Moreover, a 
training program for developing a skill of simultaneous application of front and rear wheel 
brakes in different maneuver conditions may also be helpful for motorcyclists to react 
quickly in any surprise situation. 
 
Results show that motorcyclists of almost all age groups are likely to be not-at-fault at 
right-angle crashes. Realizing that motorcyclists are particularly vulnerable at right-angle 
crashes at intersections, safety talks and awareness programs should be arranged 
frequently to convey messages to the motorcyclists about the specific type of crash 
involvements. Motorcycling clubs in colleges and community riding clubs can be targeted 
for those safety improvement programs. 
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Currently rider training centers in Singapore focus on developing good riding skills on 
normal road conditions. However, their briefing and training curriculums related to 
hazardous situations are very limited. The use of riding simulators for demonstrating 
potential dangerous situations is also not well designed and administered over the trainees. 
Hence it is recommended that driving centers may use the findings of this study to include 
in their licensure program to make motorcyclists well prepare or more aware of the 
different critical situations which expose the motorcyclists to crash risks at intersections so 
that more defensive riding may be needed. More stringent licensing standards and 
increased rider training programs are two ways of combating motorcycle safety problems. 
 
The LTA in Singapore has embarked black spot program in 2005. Those programs can be 
targeted to improve motorcycle safety by incorporating appropriate safety treatments. The 
full Bayesian modeling approach shown in this study can be helpful for ranking of sites 
with motorcycle safety problems. After identifying the problem locations, the significant 
factors identified by this study should be investigated for those locations carefully and 
appropriate countermeasure should be installed accordingly. For example, if left-turn 
merging lanes are too wide, narrowing such lanes may discourage motorcyclists to weave 
through the traffic and hence reduce their crash potentials. Similarly, the placement of 
EMS, ERS or redesign of signal phasing can be done to improve motorcycle safety on 
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8.3 Directions for future research 
 
This study has conducted an in-depth investigation of hazards of motorcycles at signalized 
intersections. This research can further be extended possibly in two future directions, i.e., 
1) motorcycle safety research, and 2) statistical modeling. 
 
8.3.1 Motorcycle safety research 
 
Similar in-depth investigations of motorcycle safety should be conducted in other 
transportation location types, e.g., expressways, road segments. Indeed, Haque et al. 
(2009) have highlighted that crash-involvement phenomena of motorcyclists are likely to 
be different in different transportation location types, i.e., intersections, expressways, and 
other locations. After combining all the findings of motorcycle safety in every location 
types, further countermeasures can be developed to improve motorcycle safety. 
 
Motorcyclists suffer a serious safety problem during turning movements at intersections. 
As a follow-up study, field experiments now can be designed to study the problems of 
drivers regarding perception and speed judgment of oncoming motorcycles during 
different turning movements. Moreover, how automobile drivers react to the presence of 
motorcycles should be studied elaborately. On the other hand, how motorcyclists react in 
case of any surprise situation should be investigated for a fuller understanding of 
motorcycle safety. 
 
Another important area of motorcycle safety research is the use of medical data so that 
injuries of motorcyclists can be properly assessed. Though the injury severity of 
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motorcyclists has been studied elaborately, much research relies on the medical diagnosis 
made by traffic police on the scene. Hence the accuracy of such injury data is always 
questionable. Moreover, data on specific injuries like leg injury, head injury, and chest 
injury can be obtained from medical data. By combining the medical and the traffic police 
data, a comprehensive dataset can be build up for elaborate researches. Studying specific 
injury types and crash-involvements in a multivariate framework would depict a more 
complete and accurate picture of motorcycle safety problems. 
 
8.3.2 Statistical Modeling 
 
Hierarchical Poisson model allowing autoregressive lag-1 dependence specification in 
error terms has been found to yield a better model fit over other hierarchical models for 
modeling motorcycle crash occurrences at signalized intersections. Hence it is reasonable 
to suspect the presence of potential serial correlation because time-dependent traffic 
factors naturally exist in reality. Some of these factors may be unobservable, or may not 
be easily included in model specifications. The models in this study only validated for four 
years crash data. Further evaluation study is still warranted to investigate the necessity of 
accommodation the possible time-dependent uncertainties by using longer time series 
crash data. Moreover, the performance of this model for black spot and hot spot 
identifications in a full Bayesian and/or empirical Bayesian framework can be evaluated. 
 
The mixed or random parameters logit model has been used to analyze the right-angle 
crash vulnerabilities of motorcyclists at signalized intersections. This particular type of 
discrete choice model is a promising methodological tool to take care of underlying 
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heterogeneities. Due to unobserved variables, heterogeneities are very common in traffic 
safety analysis. The random variation model mitigates heterogeneity problems by allowing 
parameters to be random rather than fixed across the samples. A further application of this 
model in multivariate framework accounting both injury severities and collision categories 
of different vehicle types would be interesting. 
 
The quasi-induced exposure technique assumes that the probability of every driver/rider to 
be the victim of the at-fault driver/rider is the same. However, the findings of this study 
indicate that the randomness of not-at-fault victim assumption may not true for mixed 
traffic operations including motorcycles. However the scope of this study is limited for 
signalized intersections. For other location types (e.g., expressways, road segments etc.), 
the validity of this assumption should be justified for a traffic condition having a 
significant percentage of motorcycles. For measuring and comparing crash exposure and 
propensity of different vehicle types, some simpler models have been developed in this 
study. Since crash proneness model (see equation 3.26) does not control for the exposure 
or population, this model may only be appropriate for comparison purposes. In other 
words, this model fails to estimate the propensity rate of a particular road user group. 
More innovative research should be conducted to develop a methodology which can 
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This appendix illustrates a portion of Singapore Traffic Police crash data for the year 
2000, as shown in Table A.1 
 
 






















National University of Singapore  196 
Appendices 
National University of Singapore  197 
Appendix B 
 



















2000-2005 B.Sc. Department of Civil Engineering, Bangladesh University of 
Engineering and Technology, Bangladesh. 
 
2005-2009 Research Scholar, Traffic Engineering Lab, Department of Civil 




Research Grant by Mitsui Sumitomo Insurance Welfare Foundation, Japan, 2007 -
2008. 
 
3. LIST OF PUBLICATIONS 
 
3.1 Journal Papers 
 
1. Haque, M. M., Chin, H. C., and Huang, H. L. (2008). "Examining exposure of 
motorcycles at signalized intersections." Transportation Research Record, 2048, 
60-65. 
 
2. Haque, M. M., Chin, H. C., and Huang, H. (2009). "Modeling fault among 
motorcyclists involved in crashes." Accident Analysis & Prevention, 41(2), 327-
335. 
 
3. Chin, H. C., and Haque, M. M. (in press). "Effectiveness of red light cameras on 
the right-angle crash involvement of motorcycles." Journal of Advanced 
Transportation, Article in press. 
 
4. Huang, H., Chin, H. C., and Haque, M. M. (2008). "Severity of driver injury and 
vehicle damage in traffic crashes at intersections: A Bayesian hierarchical 
analysis." Accident Analysis & Prevention, 40(1), 45-54. 
 
5. Huang, H., Chin, H. C., and Haque, M. M. (2009). "Empirical evaluation of 
alternative approaches in identifying crash hotspots: Naive ranking, Empirical 
Bayes and Full Bayes." Transportation Research Record, 2103, 32-41. 
 
National University of Singapore  198 
Curriculum Vitae 
National University of Singapore  199 
6. Haque, M. M., and Chin, H. C. (2009). "Applying Bayesian hierarchical models 
to examine motorcycle crashes at signalized intersections." Accident Analysis & 
Prevention, 42(1), 203-212. 
 
7. Haque, M. M., Chin, H. C., and Chye, L. B. (2009). "Effects of impulsive 
sensation seeking, aggressiveness and risk-taking behavior on the vulnerability of 
motorcyclists." Journal of Eastern Asia Society for Transportation Studies, Article 
in Press. 
 
8. Haque, M. M., and Chin, H. C. (2009). "A mixed logit analysis on the right-angle 
crash vulnerability of motorcycles at signalized intersections." Transportation 
Research Record, Article in Press. 
 
3.2 Conference Papers 
 
1. Chin, H. C., Haque, M. M., and Jean, Y. H. "An estimate of road accident costs in 
Singapore." KEYNOTE presented at International Conference on Road Safety in 
Developing Countries, Dhaka, Bangladesh, 2006. 
 
2. Haque, M. M., Chin, H. C. and Huang, H. "Modeling random effect and excess 
zeros in road traffic accident prediction." Presented at 19th KKCNN Symposium 
on Civil Engineering, Kyoto, Japan, 2006. 
 
3. Haque, M. M., Chin, H. C. and Debnath A.K. "An analysis on the crash 
involvement of motorcyclists." In Proc. 20th KKCNN Symposium on Civil 
Engineering, Jeju, Korea, 2007. 
 
4. Huang, H., Chin, H. C. and Haque, M. M. "Bayesian hierarchical analysis on 
crash prediction models." Paper presented in Transportation Research Board 
(TRB), Washington DC, USA, 2008. 
 
5. Haque, M. M., Chin, H. C., and Chye, L. B. "The influence of motorcyclist 
behavior in crash involvement." In Proc. 4th International Conference on Traffic & 
Transport Psychology, Washington DC, USA, 2008. 
 
6. Chin, H. C., and Haque, M. M. "Developing targeted countermeasures to improve 
motorcycle safety." Paper presented in the 17th international safe community 
conference, Christchurch, New Zealand, 2008. 
 
7. Haque, M. M., Chin, H. C. and Huang, H. “Factors affecting motorcycle crashes at 
signalized intersections.” Paper presented in Transportation Research Board 
(TRB), Washington DC, USA, 2009. 
 
8. Huang, H., Chin, H. C. and Haque, M. M. "Hotspot identification: A full Bayesian 
hierarchical modeling approach." Paper presented in the 18th International 
Symposium on Transportation and Traffic Theory (ISTTT), Hong Kong, July, 
2009. 
